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Introduction

The intestinal epithelium is a highly organized, dynamic 
cell layer with rapid self-renewing capacity.1 Main func-
tions of the intestine include the formation of a physical 
barrier between the luminal contents and the external 
environment, nutrient absorption and transport, and regu-
lation of host-microbiome interactions.2 Intestinal epithe-
lial cells are polarized, featuring an apical and a 
basolateral membrane domain, which are characterized 
by different biochemical and functional properties. 
Maintenance of this organization is crucial for the proper 
function of the intestine. The apical surface is facing the 
intestinal lumen and is responsible for the uptake of 
nutrients and the formation of a defensive barrier against 
pathogens.3 Trillions of bacteria, fungi and other microbes 
reside in the gut lumen and together create an intercon-
nected community with symbiotic and/or pathogenic 
relationships. The gut microbiome has a key role in 

metabolism and training and homeostasis of the immune 
system regulation and thus a tremendous impact on over-
all health and disease of its host.4,5 Disruption of the gut 
microbiome has been associated, amongst others, with 
inflammatory bowel disease, metabolic diseases, such as 
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diabetes, obesity, and neurodevelopmental disorders.4–6 
Thus, there is a growing demand for advanced in vitro 
co-culture systems to reveal the mechanistic insights of 
the complex relationship and interactions between the 
microbiome and the intestinal epithelium, which often 
cannot been retrieved from more simple in vitro or in 
vivo models.

Intestinal organoids are three-dimensional (3D) in vitro 
models that have shown great potential in modeling intes-
tinal physiology and disease. They recapitulate both the 
architecture and function of the in vivo tissue closer than 
traditional 2D culture systems. Specifically, they are struc-
tured into crypt and villus domains that surround a central 
lumen, they have self-renewal capacity, multicellular com-
position, and they can perform numerous specialized intes-
tinal functions.1,7 Based on their proven capacity to closely 
resemble the intestinal epithelium, organoids have been 
used for the study of intestinal microbiota-host interac-
tions.8–10 Specifically, organoids have been co-cultured 
with commensal bacteria, such as Lactobacillus11–13 and 
non-pathogenic Escherichia coli (E. coli) strains,14 and 
pathogenic bacteria, such as Cryptosporidium,15 
Salmonella enterica serovar Typhimurium,16,17 E. coli 
strains,17–22 Clostridioides difficile,23–25 and Bacteroides 
thetaiotaomicron.26 In these systems, to bring the microor-
ganisms in contact with the apical surface of the epithelial 
cells of the organoids, microinjenctions of the bacteria into 
the central lumen were necessary. Although with this 
method the microorganisms were placed in a hypoxic 
environment similar to the in vivo situation, microinjec-
tions are technically challenging, time-consuming and 
require skilled personnel.

As an alternative method to gain access to the apical 
surface that faces the lumen, researchers developed ways 
to reverse epithelial polarity. By culturing organoids in 
suspension, human adult,27,28 human pluripotent stem 
cell,29 and chicken,30 and porcine31 adult stem cell-derived 
organoids reversed their polarity in a way that the apical 
surface is facing outwards to the culture medium. These 
organoids have been used to study infections by Salmonella 
Typhimurium, Listeria monocytogenes, influenza A virus 
strain PR8, Eimeria tenella, and transmissible gastroen-
teritis virus.28,30,31 It has been shown that organoid models 
with reversed polarity facilitate such co-cultures since the 
microorganisms can simply be added to the culture 
medium. Although these apical-out models are highly val-
uable, with numerous advantages over microinjections, 
they do not resemble the low oxygen concentration envi-
ronment that the apical surface of the intestine in vivo is 
exposed to. More specifically, in vivo there is an oxygen 
gradient from the intestinal lumen to the epithelium, rang-
ing from 2% O2 in the lumen to 8% in the crypt area.32 
Indeed, the apical surface of the apical-out organoids so far 
is exposed to approximately 18% O2, since it is in contact 
with the cell culture medium and the organoids are grown 

in a standard normoxia (21% O2) incubator.33 The hypoxic 
intestinal lumen in vivo supports the growth and survival 
of anaerobic microorganisms, which constitute the pre-
dominant bacterial species in the gut.32,34 Thus, co-culture 
of the current reversed polarity organoids with anaerobic 
bacteria is not optimal, since the high oxygen levels are 
harmful to these microorganisms and in some cases even 
lethal.35,36

In this study, we aimed to establish an apical-out small 
intestinal organoid model in hypoxic conditions, in order 
to overcome the aforementioned issues and create an in 
vitro model that facilitates both the easy access to the api-
cal surface and the survival of anaerobic bacteria. To this 
end, we adapted our previously described protocol to gen-
erate apical-out small intestinal organoids from pluripotent 
stem cells29 to low oxygen conditions. Specifically, we 
cultured the organoids in a suspension system that was 
sustained in a hypoxic environment (5% O2). After assess-
ing the differentiation capacity and functionality of these 
apical-out hypoxic organoids, we established co-culture 
systems with the probiotic strains Lactobacillus casei (L. 
casei) and Bifidobacterium longum (B. longum). These 
anaerobic bacteria reside in the intestine and have attracted 
a lot of interest from the food industry over the years 
because of their health-promoting probiotic benefits (e.g. 
epithelial barrier integrity and host immune response).37 
Since multiple bacterial strains co-reside in the gut, we 
also performed a triple co-culture of organoids, L. casei, 
and B. longum. All co-culture experiments showed tighter 
barrier formation and increased mucin production in the 
organoids, compared to organoids without bacteria. This 
innovative, hypoxia tolerant apical-out small intestinal 
organoid model will be a valuable tool in future to deci-
pher the complex gut-microbiome interactions, which 
have a great impact on health.

Materials and methods

Maintenance of pluripotent stem cells

The human embryonic stem cell (ESC) line WA09 (H9) 
was purchased from WiCell. The cells were maintained in 
feeder-free conditions using mTESR®1 (StemCell 
Technologies). Every 4–5 days (depending on colony den-
sity), the ES cells were passaged onto Matrigel (Corning®)-
coated tissue culture dishes.

Fabrication and preparation of microwell arrays

Arrays of U-bottom microwells were fabricated using 
50 μm thin polymer films by microthermoforming as pre-
viously described.38,39 Each microwell had a diameter of 
500 μm and depth of approximately 300 μm, and each 
array contained 289 microwells. Microwell arrays were 
sterilized in a graded series of 2-propanol (VWR) (100%–
70%–50%–25%–10%) and then washed twice with 
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Dulbecco’s phosphate buffered saline (PBS; Sigma-
Aldrich). The microwell arrays were mounted at the bot-
toms of 24-well plates using elastomeric O-rings 
(ERIKS).

Differentiation of pluripotent stem cells toward 
small intestinal organoids

Directed differentiation of ESCs toward intestinal orga-
noids was performed as previously described.29 Briefly, to 
create embryoid bodies (EBs), ESC colonies were dissoci-
ated into single cells with TrypLE™ Express Enzyme 
(Thermofisher), resuspended in mTesR1 supplemented 
with Y-27632 (10 μΜ; Tocris) and then seeded in the 
microwell arrays at a density of 1000 cells/microwell. A 
3-day incubation with Activin A (100 ng/mL; Cell guid-
ance systems) in RPMI 1640 (Thermofisher) medium sup-
plemented with increasing concentrations (0%, 0%, 2%, 
and 2%) of Hyclone defined fetal bovine serum (dFBS; 
Fisher scientific) promoted the definitive endoderm (DE) 
differentiation. During the next 4 days, DE spheroids were 
treated with FGF4 (500 ng/mL; R&D Systems) and 
CHIR99021 (3 μM; Stemgent) to induce the hindgut for-
mation. The medium was refreshed daily from the side-
walls of the well plates, to avoid disruption of the 
spheroids.

Differentiation of hindgut spheroids toward small intes-
tinal organoids was performed in two ways in order to pro-
mote apical-in or apical-out epithelial polarity. For 
apical-in organoids, hindgut spheroids were collected and 
embedded in Matrigel. A 50 μL drop of Matrigel contain-
ing organoids (Matrigel dome) was placed in each well of 
a tissue cultured-treated 24-well plate, cross-linked at 
37°C for 20 min, and overlaid with Advanced DMEM/F-12 
supplemented with B27, N2, Hepes, penicillin/streptomy-
cin, 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). For apical-out 
organoids, hindgut spheroids were collected and placed in 
suspension culture in non-tissue culture-treated 6-well 
plates. The plates were coated with 1% Pluronic solution 
in PBS (Sigma-Aldrich) for 2 h at 37°C, to avoid cell-sur-
face adherence. The same medium as for apical-in orga-
noids was used, but in this case, it was supplemented with 
2% Matrigel. The suspension cultures of apical-out orga-
noids were performed either in a normoxic (21% O2) or in 
a hypoxic (5% O2) incubator (PHCbi) and they are referred 
to as suspension or suspension hypoxia, respectively.

Bacteria culture

Lactobacillus casei and Bifidobacterium longum (kindly 
provided by John Pender’s lab at Maastricht University) 
were cultivated in de Man, Rogosa and Sharpe (MRS) 
broth (Thermofisher) at 37°C in an anaerobic chamber. To 

evaluate bacterial growth in organoid media, L. casei and 
B. longum were anaerobically grown in MRS broth over-
night at 37°C. The following day, the concentration of bac-
teria was established by optical density measured at a 
wavelength of 600 nm (OD600). Bacteria were diluted to 
103/mL in organoid medium and incubated for 0, 6, 12, 
and 24 h at 5% O2, 5% CO2 at 37°C. Next, 0.1 and 1 mL of 
the culture were used to make pour plates using MRS agar 
(Sigma-Aldrich). Colonies were counted after 48 h of 
anaerobic incubation at 37°C.

Co-culture of organoids with bacteria

Following differentiation, apical-out intestinal organoids 
were placed in 35 mm petri dishes (pre-coated with a 1% 
Pluronic solution). The concentration of bacteria was 
established by OD600. 107 or 108 bacteria were added to the 
same 35 mm petri dish. The organoid-bacteria systems 
were co-cultured for 12 h at 37°C in hypoxic conditions 
(5% O2). Following that, organoids were washed with PBS 
and collected for downstream experiments.

Epithelial barrier integrity

To test the epithelial barrier integrity, the permeability of 
the fluorescence marker 4 kDa Fluorescein isothiocyanate 
(FITC)-labeled dextran (Sigma-Aldrich) was evaluated. 
Intact organoids were collected and incubated in a solution 
containing 2 mg/mL 4 kDa FITC-dextran for 30 min at 
room temperature (RT). To disrupt the barrier integrity, 
organoids were treated with 2 mM ethylenediamine 
tetraacetic acid (EDTA; VWR) in Hanks’ balanced salt 
solution (w/o calcium and magnesium; Thermofisher) on 
ice for 15 min. Afterward, they were resuspended in the 
same FITC-dextran solution as intact organoids. Organoids 
were then mounted and immediately imaged using a con-
focal laser scanning microscope (Leica TCS SP8).

Fatty acid absorption assay

Initially, apical-in organoids were incubated with 5 mM 
EDTA in PBS for 1 h on a shaking platform at 4°C, in 
order to remove the surrounding Matrigel. Both apical-in 
and apical-out organoids were then washed with DMEM 
without phenol red and treated with a solution containing 
5 μM fluorescent fatty acid analog C1-BODIPY-C12 
(Thermofisher) and 5 μM fatty-acid-free BSA (Sigma-
Aldrich) for 30 min at 37°C. Next, the organoids were 
fixed in 4% paraformaldehyde (VWR) in PBS for 30 min 
and stained for actin (phalloidin) and cell nuclei 
(4′,6-diamidino-2-phenylindole; DAPI). Finally, orga-
noids were imaged with a confocal laser scanning micro-
scope (Leica TCS SP8). The intracellular fluorescent 
signal from C1-BODIPY-C12 was quantified in single 
confocal z-scans using QuPath 0.3.2.
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RNA isolation and quantitative Real-Time PCR 
(qPCR)

The total RNA was isolated from the organoids with the 
RNeasy Mini Kit (Qiagen) according to manufacturer’s 
guidelines. The cDNA was synthesized from RNA using the 
iScript cDNA Synthesis Kit (Bio-Rad). All samples were 
analyzed on a CFX96 real-time PCR detection system (Bio-
Rad) using the iQ SYBR Green Supermix (Bio-Rad). All 
gene expression levels were normalized using the hypoxan-
thine phosphoribosyltransferase (HPRT) housekeeping 
gene. Data analysis followed the 2−ΔΔCt method. The results 
are representative of three independent experiments. The 
primer sequences are listed in the Supplemental Material.

Scanning Electron Microscopy (SEM)

Organoids were chemically fixed with 1.5% glutaralde-
hyde (Merck) in 0.067 M cacodylate (Acros Organics) 
buffered to pH 7.4 and 1% sucrose (Merck) for 3 h at RT. 
Subsequently, they were washed with 0.1 M cacodylate 
buffer and postfixed with a mixture of 1% osmium tetrox-
ide (Agar Scientific) and 1.5% potassium ferricyanide 
(Merck) in the same buffer, for 1 h in the dark at 4°C. After 
washing with Milli-Q water, the organoids were dehy-
drated in a graded series of ethanol (Merck) (70, 90, up to 
100%) at RT and dried with hexamethyldisilazane (HMDS) 
(>99.9%, Sigma-Aldrich). Finally, the samples were 
mounted onto SEM stubs, coated with a thin layer of gold 
by a sputter coater SC7620 (Quorum Technologies) and 
examined with an electron microscope (Jeol JSM-IT200).

Transmission Electron Microscopy (TEM)

Organoids were chemically fixed with 1.5% glutaraldehyde 
in 0.067 M cacodylate buffered to pH 7.4 and 1% sucrose for 
3 h at RT. Following that, they were washed with 0.1 M caco-
dylate buffer and postfixed with a mixture of 1% osmium 
tetroxide and 1.5% potassium ferricyanide in the same buffer, 
for 1 h in the dark at 4°C. After washing with Milli-Q water, 
the organoids were dehydrated in a graded series of ethanol 
(70, 90, up to 100%) at RT. Next, organoids were infiltrated 
with Epon, embedded in the same resin and polymerized for 
48 h at 60°C. Using a diamond knife (DiATOME), ultrathin 
sections of 60 nm were cut on a Leica UC7 ultramicrotome. 
The sections were transferred to 50 Mesh copper grids and 
covered with a formvar and carbon film. They were then 
imaged on a Tecnai T12 Electron Microscope equipped with 
an Eagle 4 k × 4 k CCD camera (Thermofisher) and a Veleta 
2 k × 2 k CCD camera (Olympus Soft Imaging).

Immunofluorescence and confocal microscopy

Organoids were fixed with 4% paraformaldehyde in PBS 
for 30 min and washed three times with PBS. 
Permeabilization was performed with 0.5% Triton X-100 

(Merck) in PBS for 30 min and blocking with 5% donkey 
serum (VWR) in permeabilization solution for 1 h, all at 
RT. Primary antibodies were incubated overnight at 4°C 
and the following day secondary antibodies were added 
and incubated for 2 h at RT. Nuclei were counterstained 
with DAPI and actin with phalloidin. A full list of antibod-
ies is provided in the Supplemental Material. All samples 
were imaged with a confocal laser scanning microscope 
(Leica TCS SP8) and the images were processed with 
ImageJ.

Oxygen measurements

Self-adhesive sensor dots (PreSens Precision Sensing 
GmbH) were autoclaved (121°C, 15 min) and batch cali-
brated using a two-point calibration in oxygen-free water 
and air-saturated water, according to the manufacturer’s 
guidelines. The oxygen-free standard was made by dis-
solving Na2SO3 (1 g) and Co(NO3)2 standard solution 
(50 µL) (ρ(Co) = 1000 mg/L; in nitric acid 0.5 mol/L) in 
water (100 mL). Air-saturated water was obtained by blow-
ing air into a stirred water-filled beaker for 20 min under 
agitation. We observed no significant changes in the signal 
acquisition of non- vs autoclaved sensor dots, suggesting 
that sterilization did not affect the sensing capability. Next, 
sensor dots were glued onto 24-well plate wells pre-coated 
with 1% Pluronic solution in PBS (Sigma-Aldrich) for 2 h 
at 37°C, and seeded with organoids embedded in a drop of 
Matrigel or suspended in cell culture medium. Plates were 
incubated at 37°C for 7 days at normoxic (21% O2) and 
hypoxic (5% O2) conditions. Cell culture medium was 
refreshed after 4 days of culture. The concentration of dis-
solved oxygen was measured every 5 min from the bottom 
side of the 24-well plate by using a fluorescence transmit-
ter (Oxy-SMA, PreSens Precision Sensing GmbH) con-
nected to polymeric optic fibers and processed by using 
the PreSens Measurement Studio 2 software.

Statistical analysis

Statistical analyses were performed in GraphPad Prism 9 
software. Student’s two-tailed t-test with Welch’s correc-
tion and one- or two-way ANOVA 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

Differentiation of apical-out organoids in 
hypoxia

Recently, human intestinal organoid models with reversed 
polarity have been described in order to facilitate the 
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access to the apical surface of the organoids.28,29 Based on 
our existing reversed polarity intestinal organoid model,29 
here, we developed apical-out intestinal organoids in 
hypoxic conditions (5% O2), aiming to create a more phys-
iologically relevant in vitro model for host-microbiome 
and host-pathogen interaction studies. Briefly, human 
embryonic stem cells (H9 cells) were aggregated to create 
homogeneous EBs using polymer film-based microwell 
arrays (Figure 1(a), Supplemental Figure 1). In the next 
days, EBs were differentiated stepwise, first toward defini-
tive endoderm and then toward hindgut. Ultimately, hind-
gut spheroids were removed from the microwells and 
placed in a suspension culture system to differentiate them 
further toward intestinal organoids. This system provides a 
scalable platform to produce up to 7000 intestinal orga-
noids with reversed polarity, from a single 24-well plate. 
Scaled-up production of apical-out organoids can be par-
ticularly useful for high-throughput downstream applica-
tions, such as drug screenings.

For the proper function of the intestine, maintenance 
of structural organization and presence of diverse epithe-
lial cell lineages are pivotal. Previous reports have 
shown that pluripotent stem cell-derived organoids reca-
pitulate closely the cellular composition of the in vivo 
intestine.29,40 To assess the differentiation capacity and 
maturation level of apical-out organoids in hypoxic con-
ditions, we performed gene expression analysis for both 
proliferation and differentiation of intestinal cell line-
ages after 30 days in culture and compared them with 
apical-in organoids grown embedded in Matrigel domes 
and with apical-out organoids grown in normoxic condi-
tions (21% O2) (Figure 1(b)). Specifically, we evaluated 
the expression of the leucine-rich repeat-containing 
G-protein-coupled receptor 5 (LGR5), the sex determin-
ing region Y-box 9 (SOX9), the Krueppel-like factor 5 
(KLF5) and the Achaete scute-like 2 (ASCL2), all indica-
tors of proliferation. For differentiation, the expression 
of the intestinal differentiation marker Caudal Type 
Homeobox 2 (CDX2), the enterocyte brush border 
marker Villin 1 (VIL1), the Paneth cell marker Lysozyme 
(LYZ), and the enteroendocrine cell marker Chromogranin 
A (CHGA) were examined. Presence of mesenchyme 
was identified by the expression of the distal hindgut 
mesoderm marker Homeobox A13 (HOXA13) and the 
mesenchymal markers Forkhead Box F1 (FOXF1) and 
Vimentin (VIM). The expression levels of all these mark-
ers were similar in all three systems (Matrigel domes, 
suspension, and suspension hypoxia) and no statistically 
significant differences were identified. We also per-
formed immunofluorescence stainings to visualize the 
expression of the proliferation marker Ki67 and phal-
loidin, the intestinal differentiation marker CDX2, the 
goblet cell marker Mucin 2 (MUC2) and the enteroendo-
crine marker Synaptophysin (Supplemental Figure 2). 
Collectively, these results indicate that apical-out 

intestinal organoids can be differentiated efficiently in a 
hypoxic environment.

Next, we examined the structural organization of these 
organoids. Confocal microscopy demonstrated the expres-
sion of the basolateral surface marker E-cadherin in the 
inner part of the apical-out organoids. In contrast, the 
expression of phalloidin, which visualizes F-actin, and 
Villin, which visualizes the apical brush border of the 
enterocytes, were identified in the outer part of the orga-
noids (Figure 1(c)). Transmission electron microscopy 
(TEM) verified the reversal of epithelial polarity. Microvilli 
were found on the exterior surface of the organoids, facing 
the surrounding culture medium (Supplemental Figure 3). 
Overall, these data confirm that organoids cultured in sus-
pension in hypoxic conditions, have a reversed epithelial 
polarity, similar to organoids grown in normoxic 
conditions.

HIF-1α-induced effects on the organoids

Intestine is exposed to a unique oxygen gradient from the 
highly vascularized subepithelial mucosa toward the 
hypoxic lumen.41 The hypoxia-inducible factors (HIFs) are 
the main regulators of oxygen homeostasis, mediating 
both oxygen delivery and adaptation to oxygen depriva-
tion.42 HIFs are heterodimers consisting of an oxygen sen-
sitive α-subunit and a constitutively expressed β-subunit. 
Under normoxic conditions, the HIF-α subunits are 
hydroxylated but under hypoxic conditions, this function 
is inhibited, thus leading to stabilization of HIF-α subunits 
that heterodimerize with the HIF-β subunits.32 The HIF-1α 
isoform contributes to the proper function of the intestinal 
barrier and the maintenance of mucosal homeostasis.43 In 
this study, we aimed to evaluate the response of apical-out 
organoids upon exposure to hypoxia, by investigating the 
expression of HIF-1α and its downstream targets.

Initially, we assessed the oxygen levels in each different 
culture system (Matrigel-embedded, suspension and sus-
pension hypoxia) (Figure 2(a)). To do that, we measured 
the concentration of dissolved oxygen using an oxygen 
optic sensor over a period of 7 days. On the one hand, orga-
noids cultured in suspension in a hypoxic incubator (5% 
O2) had similar oxygen levels as organoids embedded in 
Matrigel and cultured in a normoxic incubator (⁓3–5% 
O2). On the other hand, the oxygen levels in organoids cul-
tured in suspension in a normoxic incubator were much 
higher (15–18% O2). These results are consistent with pre-
vious studies showing that inside a Matrigel dome, the 
oxygen levels range between 2.8% and 9.7%44 and in sus-
pension cultures, the oxygen concentration in cell culture 
medium is about 18% for a standard normoxic incubator 
and about 2% for a 2% O2 incubator.33

After the estimation of oxygen levels in the different 
organoid culture systems, we aimed to evaluate the protein 
expression of HIF-1α (Figure 2(b)). Immunofluorescence 
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Figure 1. Apical-out small intestinal organoid differentiation in hypoxic conditions. (a) Bright-field images indicating each step of 
the directed differentiation of ESCs toward intestinal organoids (Definitive endoderm → Hindgut → Human Intestinal Organoids). 
(b) qRT-PCR analysis demonstrated the expression levels of proliferation genes (LGR5, SOX9, KLF5, and ASCL2), intestinal 
differentiation genes (CDX2, VIL1, LYZ, CHGA, and HOXA13) and mesenchymal genes (FOXF1 and VIM) in Matrigel-embedded 
(domes), suspension normoxia, and suspension hypoxia organoids. Untreated H9 cells were used as controls. Statistical analysis 
showed no significant difference between the three organoid models at any of the time-points. Error bars indicate mean ± S.E.M. 
(n = 3). (c) Confocal microscopy demonstrated the expression of the basolateral marker E-cadherin (green, left column) in the inner 
part of the organoids, whereas the apical markers phalloidin (yellow, both columns) and Villin (green, right column) in the outer 
part of the organoids, thus indicating a successful reversal of epithelial polarity.
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Figure 2. HIF-1α-induced effects on apical-out small intestinal organoids. (a) Sensor measurements of oxygen levels in organoids 
cultured in Matrigel domes, suspension normoxia, and suspension hypoxia over a period of 7 days. For organoids grown in 
suspension normoxia, the dissolved oxygen concentration was about 15%–18%, whereas in Matrigel-embedded and suspension 
hypoxia cultures, the dissolved oxygen concentration was about 3%–5%. The peak at day 4 corresponds to medium refreshment. 
Error bars indicate mean ± S.E.M. (n = 3). (b) Immunofluorescence stainings indicated the expression of HIF-1α in low oxygen 
conditions (Matrigel-embedded and hypoxia suspension). No expression was identified in organoids grown in suspension normoxia. 
(c) Comparison of gene expression levels of HIF-1α targets, including MUC2, MUC3A, KRT20, TFF3, and SLC2A1 between the three 
culture conditions. All these genes were significantly upregulated in low oxygen conditions. Error bars indicate mean ± S.E.M. (n = 3).
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staining indicated increased HIF-1α expression in orga-
noids grown embedded in Matrigel and in hypoxia suspen-
sion. HIF-1α expression was detected in both the nucleus 
and the cytoplasm of the intestinal organoids’ cells. 
However, no expression was identified in suspension orga-
noids cultured in a normoxic incubator, since the high lev-
els of oxygen do not allow for HIF-1α stabilization. 
Following the confirmation of HIF-1α expression, we 
evaluated the expression of certain HIF-1α target genes 
(Figure 2(c)). A number of mucosal barrier formation-
related genes are critically regulated by HIF-1α, including 
the Mucins 2 and 3A (MUC2 and MUC3A) and the intesti-
nal trefoil factor 3 (TFF3).45 We indeed found significant 
upregulation of these genes in both Matrigel-embedded 
and suspension hypoxia organoids. Higher expression lev-
els of keratin 20 (KRT20), a marker of mature enterocytes 
and goblet cells, were detected in hypoxia, which is in 
accordance with previously reported data.46 Finally, the 
glucose transporter solute carrier family 2 member 1 
(SLC2A1, also known as GLUT1) is also responsive to 
hypoxia.47 This was confirmed in our organoids grown in 
low oxygen conditions (Matrigel-embedded and suspen-
sion hypoxia). Collectively, these results show that the api-
cal surface of suspension hypoxia organoids is exposed 
and responds to the hypoxic environment, similar to the in 
vivo situation. Upon exposure to the hypoxic environment, 

HIF-1α was activated and the expression of its down-
stream targets was upregulated, too.

Barrier integrity in hypoxic apical-out organoids

One of the fundamental functions of the intestinal epithe-
lium is to act as a physical and biochemical barrier between 
the luminal contents and the underlying tissue. Disruption 
of the intestinal barrier has been associated with various 
diseases, such as inflammatory bowel disease and irritable 
bowel syndrome. To evaluate the epithelial barrier func-
tion in our hypoxic apical-out organoids, we performed a 
fluoresceinyl isothiocyanate (FITC)-dextran diffusion 
assay. This is a common way to evaluate barrier function 
both in vivo,48,49 in vitro.50,51 Apical-out organoids were 
incubated in a 4 kDa FITC-dextran (FITC-D4) solution for 
30 min. Subsequently, we observed its diffusion into the 
organoid lumen using a confocal microscope (Figure 3). 
This experiment showed that the apical-out organoids cul-
tured in hypoxic conditions excluded the FITC-D4, thus 
indicating intact epithelial barrier integrity. As a positive 
control, we treated organoids with EDTA, a chelating 
agent known to disrupt tight junctions and compromise 
barrier integrity.52 Treatment of apical-out organoids with 
2 mM EDTA for 15 min led to disruption of barrier integ-
rity, as suggested by the diffusion of FITC-D4 in the 

Figure 3. Epithelial barrier integrity in hypoxia apical-out organoids. Confocal microscopy demonstrated that no diffusion of 
the 4 kDa FITC-dextran solution in untreated organoids (top row) occurred, thus indicating strong barrier integrity. In contrast, 
treatment of organoids with 2 mM EDTA (bottom row) disrupted the junctions and the dextran diffused into the intercellular 
space. Scale bars: 100 μm (left and middle) and 50 μm (right).
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intercellular spaces of the organoids. Collectively, these 
results support that apical-out small intestinal organoids 
grown in hypoxic conditions demonstrate intact epithelial 
barrier function.

Polarized nutrient absorption

The formation of a strong epithelial barrier is key to 
another major function of the intestinal epithelium, the 
controlled nutrient absorption. This function is mediated 
by certain transport proteins that are located in the apical 
and/or basal membrane domains.53 Fatty acids enter into 
the apical membranes of the enterocytes through the fol-
lowing transport proteins: cluster of differentiation 36 
(CD36, also known as fatty acid translocase), plasma 
membrane-associated fatty acid-binding protein 
(FABPpm) and/or fatty acid transport proteins 1–6 
(FATP1–6).54 Once inside the enterocytes, fatty acids are 
transported toward the endoplasmic reticulum where they 
contribute to the synthesis of phospholipids, triacylglycer-
ols, and cholesterol esters. These lipids are assembled into 
chylomicrons or stored in the cytosol as lipid droplets.55 To 
assess the fatty acid uptake in apical-out organoids grown 
in hypoxic conditions, we used the fluorescent fatty acid 
analog C1-BODIPY-C12 and compared its uptake to the 
uptake in apical-in organoids. Both apical-in and apical-
out organoids were incubated with a solution containing 
the BODIPY dye for 30 min. Afterward, organoids were 
fixed and stained with phalloidin (indicating F- actin) and 
DAPI (indicating nuclei; Figure 4). Visualization with a 

confocal microscope and subsequent quantification dem-
onstrated strong fluorescent signal only in apical-out orga-
noids, thus showing that these organoids can successfully 
absorb the fatty acid analog from the surrounding medium 
(>96% uptake). In apical-in organoids, the fluorescent 
signal was weak, thus indicating that there was no uptake 
of fatty acids in these organoids. Overall, these results sup-
port the presence of active fatty acid transport proteins 
directly accessible in the outer apical surface of apical-out 
organoids grown in hypoxia.

Co-culture of organoids with Lactobacillus 
casei

Lactobacilli are among the dominant bacteria in the gut 
and can be found in several dietary sources (i.e. kefir, 
yoghurt, sourdough bread etc.). They provide numerous 
benefits to the host, such as the enhancement of gut barrier 
integrity, the strengthening of tight junctions, and the regu-
lation of mucin expression and immune responses.56 L. 
casei is a facultative anaerobic strain that is proven very 
promising for the prevention of intestinal inflammation 
and the protection of the mucosal barrier.57 Here, we aimed 
to evaluate the effects of L. casei cells and metabolites on 
small intestinal organoids with apical-out orientation in 
hypoxic conditions. To this end, we either co-cultured 
organoids with 107 or 108 bacteria cells or we added 10 μg/
mL bacteria lysates to the organoid medium for 12 h. 
Higher amounts of bacteria (>108) have proven to be toxic 
and led to severe cell death in the organoids.

Figure 4. Polarized nutrient uptake: (a) representative images of apical-in and apical-out organoids incubated with the fluorescent 
fatty acid (FA) analog C1-BODIPY-C12 (green). Only apical-out organoids took up the BODIPY. DAPI (blue) marked the nuclei and 
phalloidin (red) the apical side of the epithelium. Scale bars: 50 μm and (b) quantification of the FA uptake in apical-in and apical-out 
organoids. Error bars indicate mean ± S.E.M. (n = 4).
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Prior to the co-culture experiments, we cultured the 
bacteria in organoid medium in hypoxia, to evaluate their 
growth over time (Figure 5(a)). Even though bacteria did 
not seem to replicate during the 24 h incubation period, 
more than 80% of the bacteria survived. Since L. casei is 
an anaerobic strain, we assume that a possible reason for 
the small amount of bacterial cells’ death are the oxygen 
levels differences that arise during the handling (e.g. meas-
uring concentration, transfer in the organoid medium). 
Alternatively, another reason could be the reduced fitness 
of bacteria in the organic medium of the organoids. Then, 
we aimed to identify whether the L. casei cells colonize the 
apical epithelial surface of the small intestinal organoids. 
Hence, we performed SEM imaging and observed that L. 
casei cells attached on the apical surface of the organoids 
(Figure 5(b)), which is in accordance with previous in vivo 
and in vitro studies.58

To evaluate the effects of L. casei on the barrier 
integrity of apical-out organoids, we performed gene 
expression analysis for the junction markers zonula 
occludens 1 (ZO-1), claudin-1, 3 and 5 (CLDN1, 
CLDN3, CLDN5), and occludin (OCLN) (Figure 5(c)). 
ZO-1 and OCLN mediate the transport of large mole-
cules up to 6 nm via the Leak Pathway, whereas CLDN1, 
CLDN3, and CLDN5 regulate the transport of smaller 
ions and solutes (up to 0.8 nm) via the Pore Pathway.59,60 
All these markers were found upregulated when L. casei 
cells or lysates were added to the culture. This response 
was “dose-dependent,” meaning that increasing amounts 
of bacteria led to increasing gene expression of junction 
markers. Probiotic bacteria strains have also been found 
to affect mucin expression, thus regulating the proper-
ties of the mucus layer and indirectly the intestinal 
immune system.57 To examine whether this is occurring 
in apical-out intestinal organoids, we conducted quanti-
tative real-time PCR for major secreted and membrane-
bound mucins and mucin-related genes. Our analysis 
included MUC2, MUC3A, MUC13, MUC17, and TFF3. 
Similar to the junction markers, we found the expres-
sion of these genes significantly upregulated and posi-
tively correlated with the increasing numbers of 
microorganisms added. In summary, these results indi-
cate that the presence of L. casei cells or lysates 
enhances the barrier formation and mucus production in 
apical-out organoids, when compared to untreated orga-
noids. Noteworthy, it is important to highlight that via-
ble bacterial cells have a much stronger effect on the 
organoids when compared to the lysates. To achieve 
sufficient quantities of protein content in lysates (10 μg/
mL), approximately 3.4 × 108 bacteria were required. 
This is more than three times higher than the amount of 
bacteria co-cultured with the organoids and yet the 
effects were less robust. Thus, this indicates the impor-
tance of direct organoid-bacteria contact. Overall, api-
cal-out small intestinal organoids grown in hypoxia can 
be used to explore further the mechanisms underlying 

the probiotic effects of L. casei on the intestinal 
epithelium.

Co-culture of organoids with Bifidobacterium 
longum

Together with lactobacilli, bifidobacteria are among the 
first colonizers of the neonatal gut and rank among the 10 
most dominant bacteria. Bifidobacteria are probiotics and 
they can be found in many food types, including yogurt, 
kefir, seaweed, and whole grains. They are known to pre-
vent the invasion of pathogens by modulating the pro-
inflammatory responses,37 promote intestinal barrier 
integrity,61 and improve the mucosal barrier function.62 B. 
longum is a nonpathogenic, microaerotolerant anaerobic 
strain that is considered to be one of the earliest colonizers 
of the infants’ gastrointestinal tract. In this study, we inves-
tigated the effects of B. longum cells and metabolites on 
apical-out intestinal organoids in anaerobic conditions. 
Similar to L. casei, we either performed co-culture of orga-
noids with 107 or 108 bacteria cells or we added 10 μg/mL 
bacteria lysates to the organoid medium for 12 h. Higher 
numbers of B. longum bacteria were cytotoxic for the 
organoids.

Preceding the co-culture of bacteria with the orga-
noids, we also evaluated the growth of B. longum in 
organoid medium in hypoxia (Figure 6(a)). We observed 
that up to 12 h later, the bacteria moderately replicated in 
organoid medium, whereas after 24 h they stopped pro-
liferating, but they maintained high viability levels 
(99%). According to previous studies, B. longum adher-
ence to the gastrointestinal tract is important to colonize 
the gut and exert their probiotic effects.63,64 To explore 
whether B. longum attached to the surface of apical-out 
organoids we performed SEM analysis (Figure 6(b)). 
The results indicated that B. longum adhered to the api-
cal surface of the organoids, thus showing successful 
colonization.

We also aimed to evaluate the probiotic effects of B. 
longum on the apical-out small intestinal organoids. 
Similar to L. casei, we initially assessed the effect on bar-
rier integrity. We conducted quantitative analysis of gene 
expression for the junction markers ZO-1, CLDN1, 
CLDN3, CLDN5, and OCLN (Figure 6(c)). In comparison 
to the untreated organoids, they were all significantly 
upregulated when bacterial cells or lysates were added to 
the culture. Also in the case of B. longum, there was a posi-
tive correlation between the number of bacteria and the 
gene expression levels of the junction markers. Next, to 
evaluate whether the presence of B. longum has an impact 
on the mucous modulation, we analyzed the gene expres-
sion of MUC2, MUC3A, MUC13, MUC17, and TFF3 
(Figure 6(d)). A dose-dependent trend toward increased 
expression of these markers was observed upon addition of 
bacterial cells or lysates. Together these results indicate 
that the B. longum bacteria can successfully colonize the 



Kakni et al. 11

Figure 5. Co-culture of organoids with L. casei: (a) anaerobic culture of L. casei cells in human intestinal organoid (HIO) medium. 
Error bars indicate mean ± S.D. (n = 4). (b) SEM microscopy showed colonization of L. casei bacteria on the apical surface of the 
organoids. White box represents the area magnified in the corresponding image on the right. Scale bars: 100 μm and 5 μm. (c and 
d) qRT-PCR analysis demonstrated the expression levels of the junction markers: ZO-1, OCLN, CLDN1, CLDN3, and CLDN5 (c) and 
the mucins markers: MUC2, MUC3A, MUC13, MUC17, and TFF3 (d) in organoids co-cultured with L. casei-derived lysates and two 
concentrations of L. casei cells (107 and 108). Error bars indicate mean ± S.E.M. (n = 3).

apical-out organoids and establish probiotic effects in 
vitro. Also in the case of B. longum, the direct contact of 
organoids with bacterial cells, led to more robust effects. 
Collectively, small intestinal organoids with reversed 
polarity, grown in hypoxia are a suitable in vitro model to 
unravel unknown mechanisms underlying the probiotic 
effects of B. longum on the intestinal epithelium.

Triple co-culture of organoids, L. casei and B. 
longum

Intestinal microbiota is a complex, dynamic population of 
microorganisms that consists of thousands of different spe-
cies. Alterations in the microbiota has been associated with 
chronic immune disorders, such as inflammatory bowel 
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disease, obesity, and diabetes. Lactobacilli and bifidobac-
teria are among the dominant species and the most widely 
used probiotic bacteria in food supplements.37 Probiotic 
supplements usually consist of a combination of bacteria, 
and they are beneficial for the host immune health. In this 
study, apart from studying the effects of single bacteria 

strains, we aimed to evaluate whether we can recapitulate 
the probiotic effects of a combination of L. casei and B. 
longum on apical-out small intestinal organoids. This is a 
step further toward mimicking closer the in vivo situation, 
where thousands of different bacteria co-reside in the gas-
trointestinal tract.

Figure 6. Co-culture of organoids with B. longum. (a) Anaerobic culture of B. longum cells in intestinal organoid medium. Error 
bars indicate mean ±S.D. (n = 4). (b) SEM microscopy indicated colonization of B. longum bacteria on the apical surface of the 
organoids. White box represents the area magnified in the corresponding image on the right. Scale bars: 100and 5 μm (c and d) 
qRT-PCR analysis demonstrated the expression levels of the junction markers ZO-1, OCLN, CLDN1, CLDN3, and CLDN5 (c) and 
the mucins markers MUC2, MUC3A, MUC13, MUC17, and TFF3 (d) in organoids co-cultured with B. longum-derived lysates and two 
concentrations of B. longum cells (107 and 108). Error bars indicate mean ± S.E.M. (n = 3).
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Apical-out small intestinal organoids were either co-
cultured with 107 or 108 bacteria cells or incubated with 
10 μg/mL bacteria lysates for 12 h in anaerobic conditions. 
The ratio between the amounts of bacteria cells or lysates 
added, was 50:50 (L. casei : B. longum). Also in the case 
of multiple bacteria strains, we observed bacterial cell 
adherence on the apical surface of the organoids, using 
electron microscopy (Figure 7(a)). Similar to the effects of 
single bacteria strains, we identified significantly elevated 
gene expression of the junction-related markers ZO-1, 
CLDN1, CLDN3, CLDN5, and OCLN (Figure 7(b)) and 
the mucin-related markers MUC2, MUC3A, MUC13, 
MUC17, and TFF3 (Figure 7(c)). These results indicate 
that the two bacteria strains can successfully interact with 
and colonize the apical surface of human small intestinal 
organoids and improve barrier formation and mucin 
regulation.

Discussion

In the past few years, the role of the gut microbiome in 
health and disease has attracted a lot of interest. However, 
this remains a rather unexplored field with about 71% of 
the species lacking a culture representative.65 Hence, there 
is an urgent need for physiologically relevant and robust in 
vitro models to shed light on the complex gut-microbiome 
interactions. In this study, we developed for the first time, 
an apical-out small intestinal organoid model in hypoxia. 
These organoids contain all the major intestinal cell types 
and mimic structural and functional properties of the in 
vivo intestine. The directly accessible apical membrane in 
the outer surface of the organoids facilitates, amongst oth-
ers, nutrient, drug or other compound screenings in high-
throughput, since thousands of organoids with reversed 
polarity can be derived from a single 24-well plate. Here, 
we focused on the study of host-microbiome interactions. 
A unique advantage of this reversed polarity intestinal 
organoid model is that the apical surface is exposed to a 
hypoxic environment, thus recapitulating closer the in vivo 
situation. These culture conditions enable the studies of 
the interactions with anaerobic microorganisms, which 
constitute the vast majority of the gut microbiota species.

Lately, intestinal organoids with apical-out orientation 
have been described using human,28 chicken,30 and por-
cine31 adult stem cells. However, in none of these models, 
the apical surface was exposed to a hypoxic environment. 
Thus, co-cultures with anaerobes is not optimal, since obli-
gate anaerobes will not be able to survive and facultative 
anaerobes show differences in their growth in the presence 
of higher or “normal” (normoxic) oxygen concentrations.66 
For the study of anaerobic strains, usually microinjections 
are performed into the hypoxic lumen of apical-in orga-
noids.13,67 Alternatively but no longer in a 3D organoid 
context, bacteria have been co-cultured with 2D monolay-
ers of intestinal epithelial cells in cell culture devices 

(inserts or microfluidic systems), which were designed to 
control oxygen concentrations and gradients.68,69 However, 
microinjections are tedious, and monolayers do not reca-
pitulate the 3D architecture of the in vivo tissues. Our 
group has previously established an apical-out small intes-
tinal organoid model using pluripotent stem cells in nor-
moxia.29 Here, we followed the same stepwise 
differentiation protocol but in hypoxic conditions. The 
organoids can be differentiated with the same high effi-
ciency as in normoxia and show a reversed epithelial polar 
organization. Adding on to the presence of the major small 
intestinal cell types and proper structural organization, we 
demonstrated that our hypoxia-tolerant, apical-out intesti-
nal organoids recapitulate functional characteristics of the 
intestine. Specifically, in the in vivo intestine, the adapta-
tion to hypoxia is mainly regulated by hypoxia-inducible 
factors (HIFs). After verifying the presence of reduced 
oxygen concentration in our culture system, we identified 
increased protein expression of the HIF-1α isoform in the 
hypoxia organoids. Gene expression analysis showed that 
HIF-1α targets are significantly upregulated as well. 
Therefore, apical-out small intestinal organoids actively 
respond and adapt to low oxygen conditions, via similar 
mechanisms as in vivo.32 This is particularly important 
since deficiencies of HIF-1α have been associated with 
pathological conditions, including inflammatory bowel 
disease and colorectal cancer.32,70 Similar to other apical-
out organoid models, we demonstrated that these hypoxia-
tolerant organoids form a tight epithelial barrier, which is 
one of the main functions of the intestine.71 Additionally, 
successful apical-specific nutrient uptake was verified by 
the absorbance of a fluorescent fatty acid analog. In sum-
mary, these results indicate that we have established an 
effective and robust protocol to reverse epithelial polarity 
in hypoxia. This method can be successfully adapted to 
various culture conditions and constitutes a valuable in 
vitro tool for the study of nutrient uptake, drug absorption, 
and host-microbiome interactions. The versatility of this 
system is particularly useful for the study of the complex 
microbiome, where different microorganisms require dif-
ferent culture conditions.

The human gut microbiota is composed of about 1014 
microorganisms (mostly anaerobic) and is crucial for the 
nutrition and health status of the organism.37,72 Probiotics 
are living microorganisms, which are known to provide 
health benefits for the host. These benefits include the 
improvement of gut barrier formation, maintenance of 
mucosal homeostasis, and immunomodulation.37 In this 
study, we co-cultured for the first time apical-out orga-
noids with the anaerobic strains L. casei and B. longum. 
We identified that these probiotic bacteria can success-
fully colonize the apical surface of the organoids and have 
beneficial effects on them. We also highlighted the impor-
tance of direct contact of organoids with the bacterial 
cells. Collectively, these results show that this novel 
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Figure 7. Triple co-culture of organoids with L. casei and B. longum. (a) SEM microscopy indicated colonization of L. casei and 
B. longum bacteria on the apical surface of the organoids. The white box in the left image represents the area magnified in the 
corresponding image on the right. Scale bars: 100and 5 μm. (b and c) qRT-PCR analysis demonstrated the expression levels of the 
junction markers ZO-1, OCLN, CLDN1, CLDN3, and CLDN5 (b) and the mucins markers MUC2, MUC3A, MUC13, MUC17, and TFF3 
(c) in organoids co-cultured with a 50:50 mix of L.casei- and B.longum-derived lysates (final concentration 10 μg/ml) and a 50:50 mix 
of L.casei and B. longum cells (final concentrations: 107 and 108). Error bars indicate mean ± S.E.M. (n = 3).

hypoxia-tolerant organoid model can be a valuable tool to 
explore the mechanisms underlying the probiotic effects 
of these microorganisms in greater depth. This would be 
of great interest for the production of more efficient 

probiotic supplements, the demand of which has 
immensely increased in the past decades.73 Furthermore, 
since the probiotic benefits have mainly been investigated 
in pathogenic situations,73 this model can be useful to 
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determine their importance for healthy individuals as 
well. Additionally, these organoids can be used to study 
the effects of other known bacterial strains or even aid the 
discovery of unknown ones through the co-culture with 
microbiota, derived straight from human stool specimens. 
For such studies, it would be interesting in the future to 
grow these apical-out organoids in even lower oxygen 
levels, since there are microorganisms that require <0.1% 
oxygen to survive. Further research and identification of 
bacterial strains will benefit the investigation of their syn-
ergistic effect on the host as well.

Gut microbiota consists of approximately 300–500 bacte-
rial species, which comprise a complex ecosystem.74 Hence, 
apart from the study of single microorganisms, it is crucial to 
study how multiple species interact when they are cultured 
together and what their combined effects on the host are. 
Here, we performed a triple co-culture system with the 
hypoxia apical-out organoids and the probiotic strains L. 
casei and B. longum, and identified efficient adherence on 
the apical surface and active probiotic effects on the orga-
noids. The interactions of different Lactobacillus and 
Bifidobacterium strains—the predominant species of gastro-
intestinal microbiota—have been studied before but using a 
colorectal adenocarcinoma cell line (Caco-2),37 which is less 
physiologically relevant than organoids. Various probiotic 
supplements include combinations of different bacterial 
strains, thus a high-throughput 3D in vitro model that facili-
tates the study of effects of multiple bacterial strains on a 
host can be a particularly useful tool for identifying new ben-
eficial combinations of bacteria and testing new food supple-
ments. Furthermore, in this study, we used a 50:50 ratio of 
the two bacteria strains, but it would be interesting in a larger 
combinatorial screen to systematically test different ratios of 
various bacteria strains. Finally, future steps could include 
the exposure of these apical-out organoids co-cultured with 
probiotics to different pathogenic bacteria to further assess 
the functionality of the mucosal barrier integrity.

To conclude, we have developed a novel, scalable 
hypoxia-tolerant, apical-out small intestinal organoid 
model. These organoids contain the major intestinal cell 
lineages and recapitulate structural and functional charac-
teristics of the in vivo tissue. Specifically, they have distinct 
apical and basolateral surfaces, they form a strong barrier 
and perform polarized nutrient uptake. The directly acces-
sible apical surface facilitates also the investigation of host-
microbiome interactions, since microorganisms can simply 
be added to the culture medium. The hypoxic environment 
allows for the first time, the study of anaerobes using orga-
noids with reversed polarity. Overall, this system has great 
potential to simplify and advance not only research related 
to host-microbiome and host-pathogen interactions, but 
also pharmaceutical and nutritional studies.
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