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The inner surface of the intestine is a dynamic system, composed of a single layer of
polarized epithelial cells. The development of intestinal organoids was a major
breakthrough since they robustly recapitulate intestinal architecture, regional
specification and cell composition in vitro. However, the cyst-like organization hinders
direct access to the apical side of the epithelium, thus limiting their use in functional assays.
For the first time, we show an intestinal organoid model from pluripotent stem cells with
reversed polarity where the apical side faces the surrounding culture media and the basal
side faces the lumen. These inside-out organoids preserve a distinct apico-basolateral
orientation for a long period and differentiate into the major intestinal cell types. This novel
model lays the foundation for developing new in vitro functional assays particularly
targeting the apical surface of the epithelium and thus offers a new research tool to
study nutrient/drug uptake, metabolism and host-microbiome/pathogen interactions.
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INTRODUCTION

The intestinal epithelium is a highly organized, self-renewing tissuemainly serving two roles. First, it forms a
physical barrier to avoid the crossing of harmful substances in the intestinal lumen and second, it regulates
the nutrient absorption and metabolism. Within this simple columnar epithelial layer, the establishment
and maintenance of cell polarity with distinct apical and basolateral surfaces is considered crucial for the
proper tissue development and function. Each of these compartments has a different structure, function and
macromolecule composition (Klunder et al., 2017). The apical surface faces the lumen and is responsible for
the absorption of nutrients while the basolateral surface faces the stroma and mediates nutrient transport.
Apart from the apico-basolateral polar organization, the differentiation towards the major intestinal cell
types (enterocytes, Paneth cells, goblet cells etc.) is of utmost importance for the proper functioning of the
intestine. Various cell lines and animal models have been utilized tomodel the human intestinal epithelium
but the full complexity of it has not yet been accurately recapitulated in vitro.

Advances in stem cell research made it possible to create in vitro 3D organ-like structures from
either adult or pluripotent stem cells that better recapitulate the in vivo tissues than traditional 2D cell
culture models. The generation of intestinal organoids was a major research breakthrough, yielding a
new tool to study the intestinal epithelium (Sato et al., 2009; Sato and Clevers, 2013; Clevers, 2016).
The culture of intestinal organoids is a relatively simple process, requiring a tailored cell culture
medium and hydrogels (e.g., basement membrane matrix secreted by Engelbreth-Holm-Swarm
mouse sarcoma cells) serving as an extracellular matrix (ECM) substitute (Fatehullah et al., 2016).
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The resulting 3Dmulticellular constructs demonstrate an in vivo-
like architecture with crypt-villus structures surrounding a
central lumen and contain both proliferating and differentiated
cell types. However, the enclosed position of the lumen hinders
access to the apical surface of the epithelium, thus limiting studies
related to nutrient uptake and host-microbiome/pathogen
interactions. To overcome this, three different approaches have
been taken so far. The first is the use of microinjection techniques
where microbes or other infectious agents are injected directly to
the lumen of organoids (Bartfeld et al., 2015; Hill et al., 2017;
Williamson et al., 2018). This is a labor-intensive, time-
consuming and often even disruptive process. The second is
the formation of 2D cell monolayers by dissociating organoids
(VanDussen et al., 2015; Kozuka et al., 2017; Wang et al., 2017;
Altay et al., 2019). Although, in this way, access to both the apical
and basolateral sides is granted, the 3D tissue-like structure of the
organoids is lost thus making the system less physiologically
relevant. Finally, the third method is the establishment of
organoid models with reversed polarity (Co et al., 2019; Co
et al., 2021; Nash et al., 2021; Stroulios et al., 2021). In this
case, the apical surface of the epithelium is facing the cell culture
media thus allowing direct access to it. This method has been
applied to human (Co et al., 2019; Co et al., 2021; Stroulios et al.,
2021), porcine (Li et al., 2020) and chicken (Nash et al., 2021)
primary cell-derived intestinal organoids.

Here, we report the development of an intestinal organoid
model with reversed polarity using pluripotent stem cells (PSCs).
Following a stepwise directed differentiation protocol, we
generated organoids consisting of a simple columnar epithelium
patterned into crypt-like and villus-like structures. They contain
the major intestinal differentiated cell types and are surrounded by
a mesenchymal compartment. In our novel microwell-based
culture protocol, the original embedding of organoids in a solid
matrix was replaced by a suspension system, which allowed for a
uniform, long-term reversal of the epithelial polarity. These novel
pluripotent stem cell-derived apical-out organoids are a powerful
new tool for studies relating but not limited to infectious diseases,
gut microbiota, nutrient absorption and drug metabolism.

MATERIALS AND METHODS

Maintenance of PSCs
The human embryonic stem cell line WA09 (H9) was obtained
fromWiCell and the induced pluripotent stem cell line iPSC72_3
was obtained by the Pluripotent Stem Cell Facility at Cincinnati
Children’s Hospital Medical Center. ES and iPS cell lines were
maintained in feeder-free conditions on Matrigel (Corning®)
using mTESR®1 (StemCell Technologies). Colonies were
passaged every four to 5 days depending on colony density
using Gentle Cell Dissociation reagent (StemCell Technologies).

Fabrication and Preparation of Microwell
Arrays
Polymer film based microwell arrays were fabricated by
microthermorming as described previously (Giselbrecht et al.,

2006; Kakni et al., 2020). Every array accommodated
289 U-bottomed microwells and each microwell had a diameter
of 500 μm and a depth of approximately 300 μm. Prior to cell
culture, microwell arrays were sterilized in a graded series of 2-
propanol (VWR) (100%–70%–50%–25%–10%) and then washed
twice with Dulbecco’s phosphate buffered saline (PBS; Sigma-
Aldrich). Subsequently, they were placed at the bottom of non-
treated 24-well plates, where they were kept in place by elastomeric
O-rings (ERIKS).

Differentiation of PSCs to Definitive
Endoderm and Hindgut in Microwells
The protocol for directed differentiation of intestinal organoids was
carried out as previously described (Spence et al., 2011) with small
modifications. PSCs were dissociated into single cells using
TrypLE™ Express Enzyme (Thermofisher) and seeded on
microwell arrays at a density of 1,000 cells/microwell in mTesR1
supplemented with Y-27632 (10 μΜ; Tocris) to create embryoid
bodies (EBs). The following 3 days, EBs were treated with Activin A
(100 ng/ml; Cell guidance systems) in RPMI 1640 (Thermofisher)
medium supplemented with increasing concentrations (0%, 0.2%,
2%) of Hyclone defined fetal bovine serum (dFBS; Fisher scientific).
For hindgut specification, the DE spheroids were treated with a
combination of FGF4 (500 ng/ml; R&D Systems) and CHIR99021
(3 μM; Stemgent) for four additional days. The medium was
exchanged daily. In order to avoid the removal of the spheroids
from the microwells, the plate was slightly tilted and the medium
was aspirated from the sidewalls.

Differentiation Towards Intestinal
Organoids
For the apical-in intestinal organoids, hindgut spheroids were
collected, suspended in 50 μl Matrigel and plated as droplets into
tissue culture treated 24-well plates. After letting the Matrigel
solidify at 37°C and 5% CO2 for 15 min, the Matrigel drops
containing the spheroids, were overlaid with Advanced DMEM/
F-12 supplemented with B27, N2, Hepes, penicillin/streptomycin,
L-glutamine (all Thermofisher), EGF (50 ng/ml; R&D systems),
Noggin (100 ng/ml; R&D systems) and R-Spondin (500 ng/ml;
R&D systems). The medium was refreshed every 4 days.

For the apical-out intestinal organoids, on day 8 the hindgut
spheroids were placed in suspension culture in non-tissue
culture-treated 6-well plates (plates with different sizes can be
used as well). To avoid surface-cell adherence, the plates were
coated with 1% Pluronic solution in PBS (Sigma-Aldrich) for 2 h
at 37°C and then washed two times with PBS. The medium used,
had the same composition as the apical-in organoids, but in this
case Matrigel was added as a medium supplement at a
concentration of 2%.

Immunofluorescence and Confocal
Microscopy
EBs, DE spheroids, hindgut spheroids and intestinal organoids
were fixed with 4% paraformaldehyde (VWR) in PBS for 30 min.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 8790242

Kakni et al. Inside-Out Human Intestinal Organoids

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Following that, permeabilization was performed with 0.5% Triton
X-100 (Merck) in PBS for another 30 min at room temperature
(RT). Blocking was performed with 5% donkey serum (VWR) in
permeabilization solution for 30 min at RT as well. Afterwards,
primary antibodies were incubated overnight at 4°C and the next
day secondary antibodies were added for 2 h at RT. Finally,
samples were counterstained with 4′,6-diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich) and mounted with Lab
Vision PermaFluor Aqueous Mounting Medium (Thermofisher).
A full list of antibodies is provided in the Supplementary
Material. For the imaging of the immunostained samples, a
confocal laser scanning microscopy (Leica TCS SP8) was
utilized and the images were processed with
ImageJ. Quantification was performed using the open access
software QuPath.

RNA Isolation and Quantitative Real-Time
PCR (qPCR)
Organoids were collected and the total RNA was extracted using
the RNeasy Mini Kit (Qiagen) according to the manufacturer
instructions. For the cDNA synthesis, the iScript cDNA Synthesis
Kit (Bio-Rad) was utilized. Finally, qPCR was carried out using
the iQ SYBR Green Supermix (Bio-Rad), on a CFX96 Real-Time
PCR Detection System (Bio-Rad). Gene expression for each
sample was normalized using the glyceraldehyde-3-
phosphatedehydrogenase (GAPDH) or the hypoxanthine
phosphoribosyltransferase (HPRT) housekeeping genes.
GAPDH was used for DE and hindgut spheroids, whereas
HPRT for intestinal organoids. The expression of GAPDH
could be affected by the different oxygen levels (Caradec et al.,
2010) we expect between hydrogel embedded and suspension
organoids, thus we chose to use HPRT for these samples. Data
analysis followed the 2−ΔΔCt method. The results are
representative of three independent experiments. The primer
sequences are listed in the Supplementary Material.

Scanning Electron Microscopy (SEM)
Organoids were chemically fixed for 3 h at room temperature
with 1.5% glutaraldehyde in 0.067 M cacodylate buffered to pH
7.4 and 1% sucrose. Then they were washed with 0.1 M cacodylate
buffer and postfixed with 1% osmium tetroxide in the same buffer
containing 1.5% potassium ferricyanide for 1 h in the dark at 4°C.
After rinsing with MQ, organoids were dehydrated at RT in a
graded ethanol series (70, 90, up to 100%). Then, organoids were
dried using HMDS (Hexamethyldisilazane) (>99.9%, Sigma
Aldrich, Germany). After HMDS treatment, the samples were
mounted on SEM stubs, coated with a thin layer of gold by a
sputter coater SC7620 (Quorum Technologies, United Kingdom)
and examined with the electron microscope (Jeol JSM-IT200,
Japan).

Transmission Electron Microscopy (TEM)
Organoids were chemically fixed for 3 h at room temperature
with 1.5% glutaraldehyde in 0.067 M cacodylate buffered to pH
7.4 and 1% sucrose. Then they were washed with 0.1 M
cacodylate buffer and postfixed with 1% osmium tetroxide in

the same buffer containing 1.5% potassium ferricyanide for 1 h
in the dark at 4°C. After rinsing with MQ, organoids were
dehydrated at RT in a graded ethanol series (70, 90, up to 100%),
infiltrated with Epon, embedded in the same resin and
polymerized for 48 h at 60°C. Ultrathin sections of 60 nm
were cut using a diamond knife (Diatome) on a Leica UC7
ultramicrotome, and transferred onto 50 Mesh copper grids
covered with a Formvar and carbon film. Sections were stained
with 2% uranyl acetate in 50% ethanol and lead citrate. Then,
sections were observed in a Tecnai T12 Electron Microscope
equipped with an Eagle 4kx4k CCD camera (Thermo Fisher
Scientific, Netherlands) or Veleta 2kx2k CCD camera (Olympus
Soft Imaging, Germany).

Statistical Analysis
All statistical analysis was performed using GraphPad Prism 9
software. Student’s two-tailed t-test with Welch’s correction (two
groups) or one-way ANOVA followed by Tukey’s test (> two
groups) were used to determine statistical significance. Significant
differences were defined as p < 0.05. p values of statistical
significance are represented as ****p < 0.0001, ***p < 0.001,
**p < 0.01, and *p < 0.05. Error bars in figures indicate
standard error of the mean (S.E.M.).

RESULTS

Embryoid Body-Based Differentiation
Towards Intestinal Tissue
The generation of our PSC-derived intestinal organoids is based
on the directed differentiation method developed by Spence et al.
(2011). Here, the human embryonic and induced pluripotent
stem cells were dissociated into single cells and seeded onto
microwell arrays in order to promote the formation of uniform
embryoid bodies (EBs). Next, these EBs were differentiated
stepwise towards intestinal organoids (definitive endoderm→
hindgut→ intestinal organoids) (Figure 1A). The microwell
arrays were produced in-house with a custom-made design
that fits the needs of our experiments. We identified that
around 1,000 cells per EB were adequate for the successful
formation of intestinal tissue. These cell aggregates had a
diameter of approximately 200 μm (Figure 1B). Aggregates of
smaller diameter failed to generate intestinal tissue later on.
Additionally, to ensure that our cells remain pluripotent after
the formation of EBs, we performed immunofluorescence
stainings for the widely used pluripotency markers Oct3/4 and
Nanog (Figure 1C). The results showed co-localization of these
markers, thus confirming their applicability for downstream
differentiation. Initiation of the differentiation within a 2D
culture system demands tightly regulated seeding densities and
equal distribution of cells around the cell culture plates for the
successful differentiation of PSCs towards intestinal organoids
(McCracken et al., 2011). This process is very limiting and often
fails. Our system overcomes this obstacle since the use of
microwells offers a simple method to create uniform 3D EBs
that can be used as the starting material for the differentiation
towards intestinal tissue.
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Differentiation Towards Definitive
Endoderm and Hindgut Specification
The embryonic development of the intestine initiates during
gastrulation when the primary germ layers, the endoderm, the
mesoderm and the ectoderm, are formed. Specifically, the
intestine derives from the definitive endoderm (DE), which
following gastrulation transforms into the primitive gut tube

that becomes regionally specified into the foregut, midgut and
hindgut along the anterior-posterior axis. After this, the mid- and
hindgut will give rise to the intestine (Zorn and Wells, 2009). To
generate DE, we treated our EBs in the microwells with Activin-
A, which is a nodal-related TGF-β molecule (Figure 1D). After
3 days of treatment, immunofluorescence stainings showed that
90% of the cells in H9-derived DE spheroids (Figures 2A,B) and

FIGURE 1 | Overview of the in vitro culture system established for the directed differentiation of EBs towards intestinal organoids. (A) Schematic representation of
the protocol. (B) Formation of EBs in thermoformed microwell arrays. The graph represents the diameter of EBs 24 h after the cell seeding. Each point displays an
individual EB; horizontal line and error bar indicate mean ± S.E.M. (n = 3). Scale bar: 200 μm. (C) Fluorescencemicroscopy images of undifferentiated EBs stained for the
pluripotency markers Oct3/4 (green) and Nanog (red) and counterstained with DAPI (blue). Scale bar: 100 μm. (D) Bright-field images representative of each stage
of the differentiation. Scale bars: 200 μm.
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FIGURE 2 | Differentiation towards definitive endoderm followed by hindgut specification. (A)H9-derived EBs were treated with 100 ng/ml Activin and the resulting
spheroids were stained with the DE markers: SOX17 (red) and FOXA2 (green) and counterstained with DAPI (blue). Scale bar: 100 μm. (B) Quantification of the
fluorescent images showed that about 92% of the cells in Activin-treated EBs are co-expressing SOX17 and FOXA2. (C) qRT-PCR showed significantly increased
expression of the DE genes SOX17 and FOXA2 and the mesoderm marker TBXT but in lower amounts. (D) DE spheroids were further treated with FGF4 and
CHIR99021 to induce hindgut specification. After 4 days of treatment, the spheroids were stained for the hindgut marker CDX2. Scale bar: 100 μm. (E)Quantification of
the fluorescent images showed that about 90% of the cells were CDX2+. (F) qRT-PCR confirmed the robust expression of CDX2, whereas there was no significant
expression of the foregut marker ALB. Low levels of the mesenchymal marker VIM were also detected. Error bars indicate mean ± S.E.M. (n = 3).
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FIGURE 3 | Apico-basolateral organization of human intestinal organoids after 30 days in culture. (A) Fluorescent staining of embedded (top) and suspension
(bottom) intestinal organoids for the basolateral marker E-cadherin (green) and the apical marker Phalloidin (yellow) shows reversed polarity of the suspension organoids.
The left panel demonstrates H9-derived organoids and the right one iPSC72_3-derived organoids. Scale bar: 100 μm. (B) These results were confirmedwith Villin (green)
and Phalloidin (yellow) stainings that were found to co-express in the apical side of the organoids. The left panel demonstrates H9-derived organoids and the right
one iPSC-derived organoids. Scale bar: 100 μm. L: lumen. (C) SEM was performed in Matrigel embedded (top) and suspension (bottom) organoids showing the
presence of microvilli (white circle) in the outer surface of the suspension organoids. Dashed squares represent the area magnified in the corresponding image. Scale
bars: 100 μm (inset) and 2 μm. (D) TEM indicates that microvilli (white dotted squares) face the lumen in Matrigel embedded (top) organoids, whereas in suspension
(bottom) organoids, microvilli face the outer surface. On the right, magnified images demonstrate the microvilli. Scale bars: 5 μm.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 8790246

Kakni et al. Inside-Out Human Intestinal Organoids

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


92% of the cells in iPSC-derived DE spheroids (Supplementary
Figures S1A,B) were co-expressing the known DE markers SRY-
Box Transcription Factor 17 (SOX17) and Forkhead Box A2
(FOXA2). Gene expression levels confirmed those results
demonstrating a significant increase of SOX17 and FOXA2
expression, compared to untreated cells, in DE spheroids
derived from both cell sources (Figure 2C; Supplementary
Figure S1C). We also detected the expression of T-Box
Transcription Factor T (TBXT), indicating the presence of
mesoderm in our cultures, similar to what was previously
reported by Spence et al.

To achieve hindgut specification, an appropriate combination
of growth factors targeting the Fibroblast Growth Factor (FGF)
and Wingless-related integration site (Wnt) pathways is required
to repress the foregut and promote the hindgut development
(Dessimoz et al., 2006; McCracken and Wells, 2017). For our
experiments, we used a combination of FGF4 (500 ng/ml) and
CHIR99021 (3 μM). Four days of treatment were adequate to
promote the hindgut endoderm specification in our DE spheroids
(Figure 1D). The hindgut marker Caudal Type Homeobox 2
(CDX2) was expressed in 91% of the cells in H9-derived hindgut
spheroids (Figures 2D,E) and in 90% of the cells in iPSC-derived
ones (Supplementary Figures S1D,E). The high levels of CDX2
expression were confirmed by qPCR (Figure 2F; Supplementary
Figure S1F). The foregut marker Albumin (ALB) had very low
expression without statistical significance, when compared to our
undifferentiated controls, while Pancreatic and Duodenal
Homeobox 1 (PDX1) was not detected. Mesenchyme was
identified in our hindgut spheroids using qPCR, as indicated
by the expression of Vimentin (VIM) (Figure 2F; Supplementary
Figure S1F). Overall, our results demonstrate that following a
directed differentiation method, EBs can accurately recapitulate
both the DE and the hindgut.

Reversal of Epithelial Polarity in Organoids
Cultured in Suspension
The intestinal epithelium is a highly organized tissue and the
establishment of proper epithelial polarity is instrumental for
balancing the communication between the lumen and
surrounding body tissues. In the original protocol for PSC-
derived intestinal organoids (Spence et al., 2011), hindgut
spheroids are embedded in Matrigel thus leading to the
formation of a simple columnar polarized epithelium where
the apical surface is facing the enclosed lumen and the basal
side the surrounding mesenchyme. In a similar manner, when we
embedded our hindgut spheroids in Matrigel (Figure 1D), the
resulting organoids demonstrated the same strong apical-
basolateral polarity. Specifically, immunofluorescence stainings
showed that Phalloidin, which marks the apical side of the
organoids, is expressed at the inner side of the organoids
facing the lumen, whereas E-cadherin, which marks the
basolateral side, is expressed in the outer part facing the
culture medium. The immunostainings were performed at
days 7, 15, 30 and 50 after embedding the hindgut spheroids
in Matrigel for both H9- and iPSC-derived organoids monitoring

their structural organization during the whole culture period
(Figure 3A; Supplementary Figures S2, S3). In addition,
stainings for Villin, a marker of the apical side of the
enterocytes, and Phalloidin (Figure 3B) verified our results.

To facilitate the studies of interactions between the epithelium
and luminal contents, we aimed to reverse the polarity of our
organoids while maintaining their 3D structure. To achieve that,
we developed a suspension culture method that allows for
hindgut spheroids to mature into intestinal tissue without
being embedded in Matrigel (Figures 1A,D). Unlike the
original protocol, Matrigel was added at a low concentration
to the medium (2%). Already after 7 days, the resulting organoids
presented a reversed organization where the apical side was facing
the culture medium and the basal side was facing the lumen.
Notably, throughout the suspension method, the organoids were
grown and matured solely in suspension, whereas in similar
protocols the organoids are initially embedded in Matrigel and
later on the Matrigel is removed in order to reverse the polarity
(Co et al., 2019; Nash et al., 2021). We could show that organoids
grown in suspension demonstrate a similar architecture to the
Matrigel-embedded ones throughout the culture period, with
crypt-villus structures surrounding a central lumen
(Supplementary Figure S4). Immunofluorescence stainings
evidence the F-actin rich brush border (marked by Phalloidin)
and the apical side of the enterocytes (marked by Villin) in the
outer part of the organoids thus verifying the polarity reversal at
all time-points in both H9- and iPSC-derived organoids (Figures
3A,B; Supplementary Figures S2, S3). Additionally, scanning
electronmicroscopy (SEM) was utilized to verify the two different
apico-basolateral organizations. Specifically, the Matrigel-
embedded organoids seem to have a “smoother surface,”
which is anticipated since the basal side of the organoids is
visualized, whereas the suspension organoids exhibit a
“rougher surface” in which we can clearly identify the
presence of microvilli, further proving that a functional apical
side of the organoids is facing outwards (Figure 3C). Finally, the
presence of microvilli in reversed positions is illustrated by
transmission electron microscopy (TEM; Figure 3D).

To examine the plasticity of these different polarity models,
7 days before reaching full maturation (embedded/suspension
day 23), organoids that were initially embedded in Matrigel were
placed in suspension culture and organoids that were initially in
suspension, were embedded inMatrigel for 1 week. Following this
ECM manipulation, the samples were immunofluorescently
labelled for E-Cadherin and Phalloidin and the amount of
organoids that fully or partially reversed their polarity was
quantified (Supplementary Figure S5). Interestingly, none of
the organoids (H9- or iPSC-derived) that were isolated from
Matrigel and placed in suspension changed their polarity during
these 7 days. This indicates that the protocols (Co et al., 2019;
Nash et al., 2021) previously described for reversing the polarity
of established adult stem cell-derived organoids cannot be applied
to reverse the polarity of PSC-derived organoids. We hypothesize
that a possibly longer time is required to manipulate the apico-
basolateral organization of these organoids. In contrast to this,
90% of H9-derived and 85% of iPSC-derived organoids that were
initially in suspension and then embedded in Matrigel reversed
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FIGURE 4 | Characterization of H9-derived human intestinal organoids after 30 days in culture. (A–C) Immunofluorescence stainings of intestinal markers (Ki67:
proliferative cells; CDX2: intestinal transcription factor; MUC2: goblet cells; Synaptophysin: enteroendocrine cells) show similar expression patterns in both embedded
and suspension organoids. Scale bars: 100 μm. (D) qRT-PCR analysis demonstrates the expression levels of proliferation genes (LGR5, SOX9,KLF5, ASCL2), intestinal
differentiation genes (CDX2, LYZ, VIL1, CHGA, HOXA13) and mesenchymal genes (FOXF1, VIM) after 15, 30 and 50 days in culture. Untreated H9 cells were used
as controls. Statistical analysis showed no significant difference between the organoids grown embedded in Matrigel and the organoids grown in suspension at any of
the time-points. Error bars indicate mean ± S.E.M. (n = 3).
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their polarity (apical side now facing the lumen). The remaining
10% and 15% of the organoids, respectively, demonstrated an
intermediate polarity reversal, where the basal side was facing
outwards in some regions of the organoids and in some other
regions the apical side was facing outwards, suggesting that the
apical-out intestinal organoids are more prone to polarity reversal
when embedded in Matrigel.

Apical-Out Intestinal Organoids Display
Various Intestinal Cell Types
Besides structural organization, the proper function of the
intestine is highly dependent on the presence of different
intestinal epithelial cell lineages. Indeed, one of the key
advantages of organoids as an in vitro model is that they can
recapitulate to a great extent the cellular diversity of the in vivo
intestinal epithelium. Therefore, in a next step we verified that
our apical-out organoids (derived from H9 or iPSCs) are able to
fully mature and differentiate towards the major intestinal cell
types. To visualize the intestinal cell differentiation, we used
immunofluorescence against the proliferation marker Ki67 and
Phalloidin (Figure 4A; Supplementary Figure S6A), the
intestinal differentiation marker CDX2, the goblet cell
marker Mucin 2 (MUC2) (Figure 4B; Supplementary
Figure S6B) and the enteroendocrine marker Synaptophysin
(Figure 4C; Supplementary Figure S6C). These stainings were
performed at 30 days post Matrigel embedment of hindgut
organoids or their transfer to suspension culture. This time-
point was selected according to Spence et al. (2011) and Janssen
et al. (2020), who demonstrated that intestinal organoids
embedded in Matrigel can reach sufficient maturation after
approximately 28 days. Organoids from both culture conditions
showed similar expression patterns of the mentioned markers.
Further characterization of these organoids was performed
using relative gene expression quantification. More
specifically, the transcriptional expression of multiple
intestinal cell lineages was quantified over three
developmental stages: days 15, 30 and 50 (Figure 4D;
Supplementary Figure S6D). The expression of the
intestinal differentiation marker CDX2, gradually increased
between days 15 and 30, whereas at day 50 a significant
decrease was observed. The proliferation markers sex
determining region Y-box 9 (SOX9), Krueppel-like factor 5
(KLF5) and Achaete scute-like 2 (ASCL2) showed a similar
trend with their peak expression at day 30, whereas leucine-rich
repeat-containing G-protein-coupled receptor 5 (LGR5)
expression peaked at day 15 and was reduced at later time-
points. Lysozyme, which marks the presence of Paneth cells,
was expressed at a low level on day 15 but was remarkably
increased by day 30. The high expression levels were
maintained over 50 days of culture. The expressions of Villin
1 (VIL1) (brush border of the enterocytes) and Chromogranin
A (CHGA) (enteroendrocrine cells) peaked at day 30 and
decreased later on as well. Finally, in both apical-in and
apical-out organoids we identified the presence of
mesenchyme. The distal hindgut mesoderm marker
Homeobox A13 (HOXA13) peaked at day 15 and gradually

decreased over later time-points. In contrast, the expression of
the mesenchymal markers Forkhead Box F1 (FOXF1) and VIM
remained unchanged between days 15 and 30, whereas on day
50 it was notably reduced. The expression patterns of the basal-
out and apical-out organoids were very similar and no statistical
significance was identified at any time-point (both in H9- and
iPSC-derived organoids). These results indicate that organoids
on day 15 already express intestine-specific markers but are
fairly immature, whereas by day 30 the in vitro maturation
culminates. This is in accordance with findings from Spence
et al. (2011) and Janssen et al. (2020). After 50 days in culture,
we observed a general decrease in the expression of most
markers, although still in detectable levels, showing that
organoids’ functionality in culture gradually deteriorates
from day 30 days. Engraftment of organoids in mice would
secure further maturation (Watson et al., 2014), overcoming the
short-term culturing periods allowed by in vitro methods.
However, it is unknown whether the apical-out organoids
would be able to maintain their polarity.

DISCUSSION

In recent years, the advent of intestinal organoids has
revolutionized the in vitro research of the intestinal
epithelium. These organoids have been widely used in studies
related to gut development, physiology and disease since they
recapitulate the properties of the in vivo tissue with great fidelity.
In the original method, the intestinal organoids demonstrate an
organized structure, where the basal side is in contact with the
ECM and facing outwards whereas the apical side is enclosed and
facing the luminal compartment. Thus, access to the apical
surface is restricted and microinjection techniques are required
to deliver substances (Bartfeld et al., 2015; Hill et al., 2017;
Williamson et al., 2018). Recent advances in the organoid field
paved the way for easier access to the lumen by reversing
epithelial polarity in adult stem cell-derived organoids (Co
et al., 2019; Li et al., 2020; Co et al., 2021; Giobbe et al., 2021;
Nash et al., 2021), but whether the same method could be applied
in PSC-derived organoids was uncertain. Here, we developed and
validated a reversed polarity organoid model using PSCs. In these
organoids the apical side is found on the outer surface of the
organoids, and, thus, is directly accessible for testing compounds,
particles or microbes. Apical-out organoids demonstrate similar
functionality to the basal-out organoids as suggested by the
retention of self-renewal capacity throughout the whole culture
and the expression of all major intestinal cell types. One
advantage of the apical-out organoids is that they are grown
in a suspension system. In this way, the handling of organoids is
uncomplicated since there is no viscous hydrogel surrounding
them. This suggests that organoids can be easily selected and (re-)
transferred, e.g., into microwells for performing downstream
experiments.

The intestinal epithelium acts as a highly selective barrier for
the absorption, metabolism and release of nutrients and drugs.
Currently, the investigation of these functions is mainly
performed with cell monolayers (Transwell systems) and there
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are only few examples of organoid applications (Zietek et al.,
2020; Youhanna and Lauschke, 2021). This is mainly due to the
inaccessibility of the apical surface of the organoids. The
formation of cell monolayers, either using cell lines (e.g.,
Caco-2) (Sun et al., 2008) or dissociated organoids
(VanDussen et al., 2015; Kozuka et al., 2017; Wang et al.,
2017; Altay et al., 2019) provides access to both the apical and
basal sides. However, in this case a large number of cells is
required and usually several days of maturation. Also, the 3D
organization is disrupted, thus making the system less
physiologically relevant. Another limitation is that usually
these monolayers are formed in Transwell systems, which
restricts in situ monitoring, e.g., live cell imaging, during
culture. In contrast to this, our apical-out intestinal organoids,
both retain their 3D architecture and allow for easy tracking and
monitoring throughout the culture period. Hence, apical-out
organoids may represent a novel and improved model for
nutrient uptake and drug absorption studies.

Although intestinal organoids constitute one of the most
physiologically representative in vitro models, the integral gut
microbiome is missing (Min et al., 2020). In order to incorporate
this in organoid models, researchers utilize either
microinjections or monolayer cultures. Reversing the polarity
of organoids offers an easy access to the apical surface, in which
the microbiota is residing in vivo. Hence, with this system, host-
microbiome interactions can be studied simply by adding
microorganisms in the culture medium of organoids. The
same method can be applied for the study of host-pathogen
interactions where unknown mechanisms of cell invasion can be
explored, thus leading to novel, efficient therapies. First
successful experiments with apical-out organoids and
microorganisms have already been performed by Co et al.
(2019), Li et al. (2020), Nash et al. (2021), but so far solely
adult stem cell-derived organoids could be used for this. In case
of PSC-derived organoids, microbial colonization and pathogen
infections can be studied at different stages of development,
which is particularly important since the early stages of gut
microbiota development remains poorly understood (Senn
et al., 2020).

In summary, apical-out intestinal organoids can be
successfully generated in microwell arrays, from PSC-derived
3D EBs following a step-wise differentiation method. These
organoids reflect the structural and functional characteristics
of their in vivo counterparts. The long-term reversed polarity
grants easy access to the apical compartment thus qualifying these
organoids for a wide range of applications.
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