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SHORT ABSTRACT:
Here we present two protocols that allow the modeling of intestinal apical-specific interactions. Organoid-derived intestinal monolayers and Air-Liquid Interface (ALI) cultures facilitate the generation of well-differentiated epithelia accessible from both luminal and basolateral sides, whereas polarity-inverted intestinal organoids expose their apical side and are amenable to high throughput assays.

LONG ABSTRACT:
The lining of the gut epithelium is made up of a simple layer of specialized epithelial cells that expose their apical side to the lumen and respond to external cues. Recent optimization of in vitro culture conditions allows for the re-creation of the intestinal stem cell niche and the development of advanced 3-dimensional (3D) culture systems that recapitulate the cell composition and the organization of the epithelium. Intestinal organoids embedded in an extracellular matrix (ECM) can be maintained for long-term and self-organize to generate a well-defined, polarized epithelium that encompasses an internal lumen and an external exposed basal side. This restrictive nature of the intestinal organoids presents challenges in accessing the apical surface of the epithelium in vitro and limits the investigation of biological mechanisms such as nutrient uptake and host-microbiota/host-pathogen interactions. Here, we describe two methods that facilitate access to the apical side of the organoid epithelium and support the differentiation of specific intestinal cell types. First, we show how ECM removal induces an inversion of the epithelial cell polarity and allows for the generation of apical-out 3D organoids. Second, we describe how to generate 2-dimensional (2D) monolayers from single cell suspensions derived from intestinal organoids, comprising mature and differentiated cell types. These techniques provide novel tools to study apical-specific interactions of the epithelium with external cues in vitro and promote the use of organoids as a platform to facilitate precision medicine.

INTRODUCTION:
The intestinal epithelium is the second largest epithelium in the human body and consists of a polarized cell layer that facilitates nutrient uptake and acts as a barrier against environmental insults1. This distinction between the apical and basolateral sides allows cells of the epithelium to carry out their diverse functions. The apical compartment is exposed to the lumen and mediates the epithelial interactions with environmental stimuli and microorganisms, while also facilitating nutrient uptake. The basolateral surface houses intercellular junctions and cell-matrix adhesions, while interfacing with cells of the immune system and other tissues2. These junctions generate an impermeable monolayer attached to the basement membrane, which acts as a barrier and delivers the absorbed nutrients to the surrounding body tissue.

The establishment of culture systems that are able to recapitulate these intestinal functions in vitro has been challenging3. Conventional in vitro models utilize transformed human colorectal cancer cell lines, such as Caco-2, to generate 2D monolayer cultures. Despite being capable of modeling multiple functions of the absorptive compartment, these models cannot fully recapitulate the intestinal epithelium composition and function, which limit key functional characteristics and applications4,5.

The emergence of organoids as an advanced 3D culture system generated from stem cells that can self-organize and differentiate to organ-specific cell types, was a breakthrough in the in vitro study of the intestinal epithelium6. Intestinal organoids are embedded in an extracellular matrix (ECM) that resembles the basal lamina and form cell-matrix junctions that allow these cultures to retain the apicobasal polarity of the epithelium. Organoids exhibit an enclosed architecture in which the apical side is exposed to the luminal compartment, thus mimicking the structure of the intestine. Although this closed organization offers the opportunity to study orientation-specific functions, it limits investigations that require access to the apical side of the epithelium. Different approaches have been taken to overcome these limitations in both 2D and 3D, including organoid fragmentation, organoid microinjection, and generation of monolayer cultures7. Organoid fragmentation causes the loss of the structural organization and the destruction of cell junctions, which allows the exposure of the apical surface of the epithelium to the medium. This technique takes advantage of the regenerative capacity of the fragments to reform organoids when seeded into an extracellular matrix and has been used to model infectious disease and host-pathogen interactions8,9. However, the simultaneous access to both the apical and basal surface may also elicit non-specific responses to infection.
An alternative approach that allows access to the apical surface and preserves both the structural architecture and cell junctions is represented by the microinjection of factors into the lumen of organoids. This method has been extensively utilized to study host-pathogen interactions and model the effects of Cryptosporidium10, H. pylori11, and C. difficile12 on the gastrointestinal epithelium in vitro. Using similar techniques, the mutagenic potential of the pks+ strain of E. coli on intestinal epithelium was determined13. Although effective, organoid microinjection is a laborious and inefficient task considering the high number of organoids that are needed to be injected to obtain measurable effects and therefore limits its application for high throughput assays.

Recent advances with intestinal organoids have also provided methods for the establishment of 2D monolayer organoid cultures, thereby exposing their apical surface14–17. These organoid-derived monolayers recapitulate key in vivo properties of the intestinal epithelium. They exhibit a physiologically relevant cell composition, containing both differentiated and stem cell populations and model the diversity across the crypt-villus axis. As apicobasal polarity is retained, the inherent monolayer properties allow for easy access of both the apical and basolateral sides and media exchanges can mimic intestinal flow and waste removal allowing for long-term culture. These features render organoid-derived monolayers amenable for studies focusing on luminal interactions and provide a superior model for epithelial barrier integrity and permeability18,19.

Studies have shown that epithelial cell polarity is tightly regulated by ECM proteins in MDCK spheroids20,21 and recently in human intestinal organoids22. Removal of ECM components or inhibition of the integrin receptor that mediates the cell-matrix junctions results in a polarity reversal of intestinal organoids and the exposure of the apical side of the epithelium to the medium22. This approach has attracted the interest of researchers working on infectious diseases as it allows easy access to the apical side in 3D and makes it amenable to high throughput assays. Here, we describe a modified protocol based on the recently published one by the Amieva lab22, that facilitates the generation of 3D intestinal organoids that readily expose their apical side. We also outline a protocol that can efficiently and reproducibly generate intestinal 2D monolayers derived from intestinal organoids.

PROTOCOL:
Derivation of human intestinal organoid cultures was performed as described elsewhere23. Organoids were maintained in culture as described by the Product Information Sheet (PIS) for the Intestinal Organoid Expansion Medium (refer to the Table of Materials).

1.	Inversion of intestinal organoid polarity

NOTE: This section will outline the protocol for inverting the polarity of 3D intestinal organoids. This protocol provides a detailed procedure for the establishment of polarized organoids with an exposed apical surface in suspension in a culture plate. This protocol is intended as end-point assays, although the organoids could be maintained in this conformation for over 2 weeks and maintain a small stem cell population that allows them to re-establish apical-in organoids upon passage.

1.1.	Coating cultureware and tubes with anti-adherent solution

NOTE: To maximize the number of apical-out intestinal organoids and prevent undesirable attachment to the cultureware, precoating of cultureware is generally required. The section outlined below describes the coating of culture and plasticware with anti-adherent solution.

1.1.1.	Coat culture plates to be used in the suspension part of the protocol as follows.

1.1.1.1.	Add 0.5 mL of anti-adherent solution to each well of a 24-well tissue culture plate.

1.1.1.2.	Swirl the plate to spread the solution evenly across the surface and the walls of the wells.

1.1.1.3.	Centrifuge the plate at 1,300 x g for 10 min.

1.1.1.4.	Remove anti-adherent solution from each well using an aspirator or a 1 mL pipette.

1.1.1.5.	Wash the wells with 1 mL of DMEM/F-12 with 15mM HEPES (DMEM/F12).

1.1.1.6.	Fill each washed well with 0.5 mL of DMEM/F-12 and store the plate at 37 &#176;C and 5% CO2 until use.

NOTE: If not used immediately, the coated plates can be kept in the incubator for at least 1 week.

1.1.2.	Coat 15 mL conical tubes used in this protocol as follows.

1.1.2.1.	Add 4 mL of anti-adherent solution to the 15 mL conical tube.

1.1.2.2.	Swirl the tube to spread the solution evenly across the surface of the walls.

1.1.2.3.	Centrifuge the tube at 1,300 x g for 10 min.

1.1.2.4.	Remove the anti-adherent solution from the tube.

1.1.2.5.	Wash the tube 1x with 5 mL of DMEM/F-12 and aspirate the DMEM/F-12. The tubes are now ready for use.

NOTE: If not used immediately, add 5 ml of DMEM/F12 and store at 4 &#176;C. Coated tubes can be kept at 4 &#176;C for at least a week.

1.2.	Polarity inversion of intestinal organoids by suspension culture

NOTE: The steps below outline the inversion of intestinal organoids previously cultured under standard basement membrane matrix medium dome conditions. The procedures described here are for one well of a 24-well plate. If using other cultureware, adjust volumes accordingly.

1.2.1.	Carefully remove and discard the medium from each well containing organoids without disrupting the basement membrane matric medium dome.	 Ensure that the size of the organoids is of 150–250 &#181;m diameter (typically at day 3–5) prior to the beginning the inversion protocol.

1.2.2.	Add 1 mL of ice-cold dissociation solution in each well.

1.2.3.	Incubate at room temperature (15–25 &#176;C) for 1 min.

1.2.4.	Add at least 2 mL of anti-adherent solution to a 15 mL tube to be used for coating plastic tips.

1.2.5.	Add at least 2 mL of DMEM/F-12 to a 15 mL tube to be used for washing plastic tips rinsed with anti-adherent solution.

1.2.6.	Coat a 1 mL pipette tip with anti-adherent solution, pipetting 1 mL of solution three times into the tube with anti-adherent solution from step 1.2.4.

1.2.7.	Wash the tip in cold DMEM/F-12, pipetting 1 mL of solution three times into the tube with DMEM/F-12 from step 1.2.5.

1.2.8.	Using the coated tip, carefully dislodge the domes by pipetting slowly. Take care not to disrupt and fragment the organoids.

1.2.9.	Transfer the organoid suspension to a plate treated with anti-adherent solution (from step 1.1.1).

1.2.10.	Place the plate on a shaker at 4 &#176;C for 30 min. A gyro shaker can be used at 70 rpm.

NOTE: Avoid harsh shaking, such as vortexing the sample, as it can result in organoid fragmentation. The formation of bubbles and froth can indicate harsh shaking.

1.2.11.	After 30 min, remove the plate. Using a 1 mL pipette tip coated with anti-adherent solution, gently pipette the solution up and down.

1.2.12.	Place the plate on a shaker at 4 &#176;C for 15 min. A gyro shaker can be used at 70 rpm.

1.2.13.	Remove the plate and let the organoids settle by gravity (1–2 min at room temperature). Observe the plate under the microscope to verify organoid sedimentation.

NOTE: Avoid extensive agitation of the plate as it can cause settled organoids to resuspend.

1.2.14.	After the organoids settle, remove as much of the dissociation solution as possible and wash by adding 1.5 mL of DMEM/F-12.

1.2.15.	Allow the organoids to sediment and remove as much of the supernatant as possible. Repeat the wash step once more.

NOTE: Observe the plate under the microscope to verify organoid sedimentation before performing any washing step.

1.2.16.	Remove as much of the DMEM/F-12 as possible and add 0.5 mL of Intestinal Organoid Expansion Medium. Incubate at 37 &#176;C and 5% CO2.

1.2.17.	On the following day, perform a partial-medium change by tilting the plate on a 25- to 30-degree angle, and removing medium along the wall of the well. Remove 0.4 mL of medium taking care not to remove suspended organoids.

1.2.18.	Add 0.4 mL Intestinal Organoid Expansion medium. Incubate at 37 &#176;C and 5% CO2 for 3 days.

NOTE: After 3 days, most of the organoids should have an apical-out polarity, but large aggregates may have formed.

1.2.19.	If aggregates have formed, use a 1 mL pipette with a tip coated with anti-adherent solution (as described in steps 1.2.6 and 1.2.7) to shear the aggregates by pipetting up and down 20 times while pressing the end of the tip into the bottom of the plate.

1.2.20.	Place the plate at 37 &#176;C and 5% CO2 and perform a full medium change the next day with Intestinal Organoid Expansion medium (as described in section 1.2.17).

1.2.21.	After 2 days (day 5 in suspension), apical-out intestinal organoids can be used in downstream assays.

2.	Establishment of intestinal cell 2D monolayer and Air-Liquid Interface (ALI) cultures derived from 3D intestinal organoids

NOTE: This section will outline the protocol for generating 2D monolayer cultures from intestinal organoids. This technique provides the advantage of establishing a confluent, polarized monolayer culture with an exposed apical surface in a tissue culture plate containing cell culture membrane insert. Although the monolayer will begin to differentiate in the submerged, monolayer format, additional differentiation of the monolayer can be achieved by switching to an ALI culture after it has reached confluence. Both the monolayer and subsequent ALI protocols are intended as end-point assays and although the monolayer culture maintains a small stem cell population, neither can be efficiently split and passaged after it is established.

2.1.	Preparing media and plates for intestinal monolayer culture

2.1.1.	Prepare Intestinal Organoid Differentiation Medium as outlined by the manufacturer for monolayer culture (see List of Materials). Add Y-27632 only to a volume of medium that will be used within 1 week at a final concentration of 10 &#181;M. If not used immediately, store at 4 &#176;C.

2.1.2.	Pre-warm Trypsin EDTA (0.05%) to 37 &#176;C.

2.1.3.	At least 2 h prior to seeding monolayer cultures, prepare a 2% basement membrane matrix coating solution as follows.

2.1.3.1. Thaw basement membrane matrix medium on ice and add 1:50 to cold, sterile PBS to prepare a 2% solution. Prepare sufficient quantities to add 100 &#181;L to the upper well of each 6.5 mm (0.33 cm2) cell culture membrane insert to be used. Adjust the volume appropriately for larger or smaller cultures.

2.1.4.	Add 100 &#181;L to each well and incubate each plate at 37 &#176;C and 5% CO2 until needed (at least 2 h prior to seeding).

2.2.	Dissociating intestinal organoids for monolayer generation and culture

2.2.1.	Remove an appropriate number of organoid culture wells from the incubator. Refer to Table 1 for the recommended number of wells to harvest for various cultureware.

2.2.2.	Aspirate all medium from the organoid cultures without disturbing the basement membrane matrix dome.

2.2.3.	Add 1 mL of dissociation solution to each well.

2.2.4.	Incubate at room temperature (15–25 &#176;C) for at least 1 min.

2.2.5.	Using a 1 mL pipette, vigorously pipette up and down to disrupt the dome and release the organoids.

2.2.6.	Pool the suspended organoids from each well in a 15 mL conical tube. Incubate at room temperature for 10 min with gentle agitation or rocking. Organoids for seeding multiple wells can be pooled at this step, up to 10 mL volume in each tube.

2.2.7.	Centrifuge at 200 x g for 5 min at 4 &#176;C.

2.2.8.	Remove and discard the supernatant. Add 5 mL ice-cold DMEM/F-12 to resuspend organoids.

2.2.9.	Mix and centrifuge again at 200 x g for 5 min at 4 &#176;C.

2.2.10.	Aspirate the supernatant, removing as much as possible, being careful not to disturb the pellet.

NOTE: Some residual basement membrane matrix medium may remain in the pellet; however, this should not significantly affect the dissociation of the organoids.

2.2.11.	Add 1 mL of pre-warmed (37 &#176;C) Trypsin-EDTA (0.05%) to resuspend organoids. Mix thoroughly to ensure an even suspension. Add up to an additional 1 mL of Trypsin-EDTA for a large number of cells, or if a significant amount of basement membrane matrix medium remains.

2.2.12.	Incubate at 37 &#176;C for 5–10 min.

2.2.13.	Mix thoroughly with a 1 mL pipette to disrupt the organoids as much as possible. Organoids should be completely dissociated into single cells or small fragments. If larger fragments or whole organoids remain after thoroughly pipetting, continue the incubation with Trypsin-EDTA at 37 &#176;C for another 3–5 min.

NOTE: Do not incubate with Trypsin-EDTA for more than 20 min, as this may result in an increased loss of cell viability.

2.2.14.	Once organoids are sufficiently dissociated, add an equal volume of DMEM/F-12 (e.g., 1 mL DMEM/F-12 per mL Trypsin-EDTA) and pipette up and down to mix thoroughly. Inactivate Trypsin-EDTA by adding 10% FBS to the DMEM/F-12 in this step.

2.2.15.	Centrifuge fragments at 200 x g for 5 min at 2–8 &#176;C.

2.2.16.	If the dissociated organoids fail to pellet, this is common and may be due to an accumulation of mucus released by the dissociated cells. In this case, mix the cells thoroughly by pipetting up and down and centrifuge them again at 200 x g for 5 min at 2–8 ˚C.

2.2.17.	Carefully remove as much supernatant as possible, leaving only the cell pellet.

2.2.18.	Resuspend the cells in 100 &#181;L of Intestinal Organoid Differentiation medium (with 10 &#181;M Y-27632) for each well to be seeded. Adjust the volume appropriately for larger or smaller well sizes.

2.2.19.	Remove the coated plates from the incubator (prepared in step 3.1.4) and remove the excess basement membrane matrix solution from each well.

2.2.20.	Add 100 &#181;L of the cell suspension to the upper well of each cell culture insert.

2.2.21.	Add 500 &#181;L of Intestinal Organoid Differentiation medium to the lower well of each cell culture insert.

2.2.22.	Incubate at 37 &#176;C and 5% CO2.

2.2.23.	Replace the medium in both the upper and lower wells every 2 to 3 days. Monolayer cultures should reach confluency within 7 days and will often reach confluency within 2–3 days.

2.3.	Establishing an Air-Liquid Interface (ALI) culture

NOTE: If desired, further differentiation of a submerged intestinal monolayer culture can be accomplished by transitioning the submerged monolayer culture to an ALI culture. This culture method will allow an increase in the number of differentiated cell types, particularly cells of the secretory lineage, such as goblet and enteroendocrine cells.

2.3.1.	Establish a monolayer culture in a cell culture insert as described above in steps 2.2.1–2.2.23 and maintain this culture at 100% confluency for at least 4 days.

2.3.2.	To establish an ALI culture, remove medium from the upper and lower wells. Add fresh Intestinal Organoid Differentiation medium (with Y-27632) to the lower well, leaving the upper well empty.

2.3.3.	Incubate at 37 &#176;C and 5% CO2.

2.3.4.	Replace the medium in the lower well every 2–3 days and allow the monolayer to differentiate for at least 1 week.

2.3.5.	Rinse the upper well with sterile PBS to remove excess mucus accumulation, if needed.
Under these conditions, the ALI culture can be maintained for at least 2–3 weeks.

REPRESENTATIVE RESULTS:
Organoids were generated from biopsy samples following the protocol described previously23 and in the PIS for Intestinal Organoid Expansion Medium (see the Table of Materials). Figure 1A, Left Panel, shows the phenotype of the intestinal organoids cultured in a dome with Intestinal Organoid Expansion Medium. In these culture conditions, organoids exhibit a cystic morphology defined by a thin (10–25 &#181;m) epithelium that encloses a lumen (Figure 1A, Right Panel). At this stage, the apical side of the intestinal epithelium faces the lumen, while the basolateral side contacts the surrounding extracellular matrix. When the majority of the organoids reached the desired size, the extracellular matrix was removed, and the organoids were then cultured in suspension. The loss of cellular binding to the extracellular matrix triggers an inversion process in the organoids, resulting in a reversal of the polarity of the organoid epithelium, exposing the apical side of the epithelium to the growth medium and internalizing the basolateral side.

In some cultures, organoids in suspension aggregate and fuse, an effect which is more profound during the first 3 days (Figure 1B, Left Panel). Application of a shearing technique allows detachment of the organoids and continuation of the cultures for days with minimal reaggregation (Figure 1B, Right Panel).

Intestinal organoids cultured in basement membrane matrix medium continue to expand (Figure 1C, Left Panel) and exhibit spontaneous formation of secondary budding structures, resembling small crypts, on the basolateral side of the epithelium surrounding the lumen (Figure 1C, Right Panel). At the same time point, organoids maintained for 5 days in the absence of extracellular matrix continue to develop in suspension (Figure 1D, Left Panel). Inversion of the polarity is characterized by the thickening (30–40 &#181;m) of the epithelium that surrounds the core of the organoids and the appearance of a variety of morphologies: elongated (Figure 1D, Right Panel and Supplementary Figure 1A), cystic (Supplementary Figure 1B), and irregular (Supplementary Figure 1C). This is often combined with a shrinking of the luminal space within the organoid, impacting their overall size.

Efficient inversion can also be confirmed by analyzing the expression of intestinal-specific polarity markers. Apical-out intestinal organoids show a distinct localization of the nuclei (toward the lumen of the organoid, as indicated by the 4′,6-diamidino-2-phenylindole (DAPI) signal. The expression of apical markers, such as VILLIN (Figure 2A) and ZO-1 (Figure 2B), is detected at the outer side of the epithelium that is exposed to the medium. This localization is in stark contrast with that observed in intestinal organoids cultured in basement membrane matrix medium. Basement membrane matrix medium-embedded organoids stained for nuclei (DAPI), VILLIN (Figure 2C), and ZO-1 (Figure 2D) demonstrate an apicobasal polarity where the apical side is facing the lumen of the organoid.

Complete removal of basement membrane matrix medium is required to obtain efficient polarity inversion of the intestinal organoids. Occasionally, a portion of organoids found in suspension cultures surrounded by basement membrane matrix medium residues, shows a cystic morphology that suggests a failure in polarity inversion of the epithelium (Supplementary Figure 2A). Analysis of immunofluorescent staining, performed on these organoids, provides evidence of the basolateral position of the nuclei (DAPI) along the epithelium and the expression of ZO-1 at the apical side that faces the lumen of the organoid (Supplementary Figure 2B) confirming that incomplete basement membrane matrix medium removal causes retention of the apicobasal polarity in a manner similar to basement membrane matrix medium-embedded organoids.

The protocol for the establishment of intestinal monolayer cultures results in a confluent monolayer culture within 7 days of seeding, and the culture will often reach confluence within as little as 2–3 days. One of the major determinants of success is the number and quality of cells used to seed the monolayer. Figure 3A, Left Panel provides an example of an ideal seeding density of approximately 150,000 cells in a 6.5 mm cell culture membrane insert. This number is not fixed and can be highly variable based on the donor and the quality of the source organoid culture; therefore, the cell number should be optimized based on these variables. If the seeding density is too low, or of poor quality (Figure 3A, Right Panel), there may not be sufficient attachments to form a confluent monolayer culture.

Once the monolayer is established (Figure 3B), the cells form tight junctions, creating a cobblestone appearance (Figure 3B, Left Panel). If they fail to form a confluent monolayer (Figure 3B, Right Panel), the appearance of the monolayer will often be “patchy”, with regions of good quality cell attachment, but with larger gaps between these regions. These cultures do not provide a functional barrier between the basal and apical compartments and are not suitable for the described assays. A confluent monolayer orients its VILLIN-containing brush border toward the apical side of the epithelium, with its nucleus positioned toward the basolateral pole of the cell (Figure 4B). In between cells, intercellular junctions consisting of multi-protein complexes, including ZO-1 are formed (Figure 4B). Their presence is key to providing the barrier function of the epithelial culture.

Once confluent, the transition to an ALI culture induces further differentiation of the culture (Figure 3C). Small, round goblet cells appear and the monolayer itself takes on a more folded appearance. Although goblet cells are present within the epithelium of submerged culture (Figure 4A), they are more prominent following ALI differentiation. Goblet cells present within the epithelium secrete mucus, leading to a hazy appearance over the top of the epithelium. The goblet cells and secreted mucus can be visualized by staining for the secreted mucin protein, MUC2 (Figure 4A, C and D) and the increase in the goblet cell population can be measured by an increase in MUC2 expression (Supplementary Figure 3A). It is not necessary to remove this gel-like mucus layer and it will stick to the surface of the epithelium and remain following repeated washes. If removal is necessary, washing the culture with a mucolytic compound, such as 10 mM N-acetyl cysteine or 50 &#181;g/mL DTT removes excess mucus. In addition to the increase in the goblet cell population, the ALI interface also increases the presence of enteroendocrine cells (as indicated by CHGA expression) (Supplementary Figure 3B) and mature enterocytes (as indicated by KRT20 expression) (Supplementary Figure 3C).

Figure 1: Stages of the apical-out intestinal organoid generation. (A) Representative images of a dome with organoids of the desired size at day 4 (Left Panel, Scale bar = 500 &#181;m). Organoids are thin walled, with an open luminal compartment (Right Panel, Scale bar = 100 &#181;m). (B) Representative image of a well with extensive aggregation after 3 days in suspension (Left Panel, Scale bar = 200 &#181;m). Image of clump fragments directly after shearing (Right Panel, Scale bar = 200 &#181;m). (C) Representative image of intestinal organoids in dome at day 7. Organoids display an expanded lumen with the formation of small buds on the basolateral side of the epithelium (Left 20x magnification, Right 100x magnification of the marked region, Scale bar = 200 &#181;m). (D) Representative image of intestinal organoids after basement membrane matrix medium removal and subsequent suspension culture for 5 days. The organoids obtain a dense morphology with a thickened epithelium and expose their apical side to the medium. (Left 20x magnification, Right 100x magnification of the marked region, Scale bar = 200 &#181;m).

Figure 2: Immunofluorescent staining for cell polarity markers in intestinal organoids. Apical-out (A,B), and apical-in (C,D) oriented intestinal organoids were stained with apical markers ZO-1 and VILLIN, and with epithelial marker E-CADHERIN (red). DAPI (blue) was used to visualize nuclei. Left panels display images taken at 25x magnification and right panels display images of different organoids at 63x magnification (only panel C displays 25x and 63x magnification of the same organoid). (A) Apical-out intestinal organoids stained with VILLIN (green) and E-CADHERIN (red) indicate the exposure of the apical side to the medium. (B) Apical-out intestinal organoids stained with ZO-1 (green) and E-CADHERIN (red) show the presence of tight junctions and reversion of the apicobasal polarity. (C) Matrigel-embedded intestinal organoid stained with VILLIN (green) and E-CADHERIN (red) showing the apical side facing the organoid lumen. (D) Matrigel-embedded intestinal organoids stained with ZO-1 (green) and E-CADHERIN (red) indicating the presence of apical tight junctions facing the lumen of the organoid. (Scale bar = 100 &#181;m). Organoids were stained by immunofluorescence and imaged using previously published protocols24,25.

Figure 3: Establishment of intestinal monolayer cultures. (A) Representative image of 3D organoids following treatment with 0.05% Trypsin-EDTA. Organoids are dissociated to single cells or small cell-clumps in preparation for seeding monolayer cultures. Left Panel: example of an optimal seeding density for a monolayer culture, approximately 150,000 cells per 100 &#181;L on a 6.5 mm cell culture membrane insert. Right Panel: example of suboptimal seeding density at &lt;50,000 cells per 100 &#181;L on a 6.5 mm cell culture membrane insert. (B) Representative brightfield image of a submerged monolayer culture. Left Panel: 100% confluent layer with the characteristic cobblestone appearance. Right Panel: approximately 50% confluent monolayer. Gaps seen in the monolayer (indicated by dashed line) close over time due to the continued proliferation of the intestinal stem cells. (C) Representative brightfield image of a differentiated ALI culture at 7 days. (Scale bar = 200 &#181;m).

Figure 4: Immunofluorescent staining for differentiated cell markers in monolayer cultures. (A) Z-stack image of immunofluorescent staining of a submerged monolayer culture for the mucin protein MUC2, indicating the presence of goblet cells within the monolayer culture (green = MUC2, blue = DAPI). (B) Z-stack image of immunofluorescent staining of a submerged monolayer. VILLIN staining (green) along the apical end of the epithelium indicates the presence of a brush border and ZO-1 staining (red) indicates the presence of tight junctions between cells (blue = DAPI). (C) Z-stack image of immunofluorescent staining of an ALI-differentiated monolayer culture for the mucin protein MUC2, indicating the presence of a significantly larger number of goblet cells within the ALI monolayer culture (green = MUC2, blue = DAPI). (D) Cryosection of the ALI-differentiated monolayer culture, stained for the presence of MUC2 (green) and E-CADHERIN (red) indicating the presence of goblet cells in the epithelium and the secretion of mucus along the apical side of the monolayer culture. (Scale bar = 200 &#181;m). Monolayer cultures were stained by immunofluorescence and imaged using previously published protocols26,27.

Supplementary Figure 1: Spectrum of phenotypes of apical-out intestinal organoid in culture suspension. (A,B,C) Additional representative images of intestinal organoid morphologies maintained in suspension 5 days after basement membrane matrix medium removal. Organoid polarity has inverted. The organoids have become more dense with a thickened epithelium and the apical side of the organoids is facing outward. Organoids can show a variety of morphologies: elongated (A), cystic (B), and irregular (C). (Scale bar = 100 &#181;m).

Supplementary Figure 2: Intestinal organoids fail to invert polarity in the presence of residual basement membrane matrix medium in suspension cultures. (A) Representative image of incomplete basement membrane matrix medium removal and failure to invert polarity of the organoids. Matrigel remnants are present around the organoids and contribute in maintaining the epithelium polarity oriented apical-in. Organoids show a cystic morphology with a thin epithelium surrounding the lumen (Scale bar = 200 &#181;m). (B) Representative image of a non-inverted organoid found in suspension culture conditions. Nuclei (blue = DAPI) and E-CADHERIN (red) are positioned to the basolateral side, ZO-1 (green) is expressed to the apical side that faces the lumen of the organoid. (Scale bar = 100 &#181;m).

Supplementary Figure 3: Gene expression of differentiated cell markers in monolayer cultures. (A,B,C) Expression of MUC2, CHGA, and KRT20 in submerged and ALI-differentiated monolayer culture generated in Intestinal Organoid Differentiation Medium relative to a 3D organoid culture grown with Intestinal Organoid Expansion Medium established via qPCR. Establishment of a submerged monolayer culture increases expression of each differentiated cell marker; however, differentiation as an ALI culture increases expression of each marker exponentially. Error bars = +/- SEM.

Table 1: Number of wells of intestinal organoids to harvest for various cultureware

DISCUSSION:
Epithelial organoid models have become powerful platforms that can be used to model tissue organization, disease progression, and identify therapeutics23,28,29. Organoid microinjection has added value to the organoids’ capability of modeling infectious diseases as it allows pathogen interaction with the apical side of the host epithelium. Recent advances in microinjection techniques have optimized the injection speed in organoids and have achieved a rate of up to 90 injected organoids per hour. The barrier function in injected organoids was preserved, and the low oxygen concentration inside the lumen allowed for the survival of obligatory-anaerobic injected bacteria30. However, studies have noted the presence of heterogeneity in organoid populations within the same well. These differences were observed in size and shape31, expression levels of key genes32, as well as proliferation rates33. Differential responses within the same organoid population to compounds such as forskolin and PGE2, or to cholera toxin, have also been described28,33. These results highlight the need for high organoid numbers in studies and limit the utilization of luminal injection.

Conventional organoid culture is based upon the encapsulation and propagation of organoids in a hydrogel. However, hydrogels can pose limitations on diffusion and introduce concentration gradients, which can increase heterogeneity34. Moreover, high variability has been documented, not only between cultures and donors but also within individual experimental conditions. Donor source, biochemical properties of the hydrogel, and intrinsic heterogeneity of the organoid as a culture system are important factors that can increase experimental variability and limit the reproducibility of results obtained in downstream applications. Both of the methods described here provide a simple means of exposing the apical side of the epithelium, allowing for the modeling of compounds and pathogens of interest by directly adding them to the culture medium. The reduction in hydrogel utilization can limit experimental variability from technical sources of error.

The apical-out intestinal organoids retain key characteristics of the organoid model system and their scalability make them more amenable to high throughput assays, compared to the 2D monolayer. However, as the organoids retain their 3D structure, the accessibility of the basal side is limited and may hinder studies requiring access to both sides simultaneously.

We have demonstrated that the polarity inversion of intestinal organoids relies on the efficient and absolute removal of ECM, while also preserving the intact structure of the organoids. Both the use of the dissociation solution to remove ECM and the anti-adherent solution to prevent organoids adherence to the plasticware contributed to ameliorating the overall efficiency of the protocol published by Co, J. Y. and colleagues22, particularly in regard to the number of apical-out organoids produced for downstream applications.

Furthermore, we observed that our protocol supports more efficient inversion of organoids smaller than 250 &#181;m and using larger organoids may result in a reduced organoid output, due to the fragmentation caused by pipetting. Wide-bore tips, such as those indicated in the Table of Materials, may allow the utilization of larger organoids. However, wide-bore tips are less effective in ECM dissociation when compared to standard tips due to the lower applied mechanical force. Therefore, repeating steps 1.2.9–1.2.11 may be required for sufficient disruption and complete removal of all ECM remnants when working with larger organoids.

Organoids in suspension can survive for at least 2 weeks. After this period of time, we observed morphology changes and an increased number of cell death. The presence of proliferating cells in the apical-out organoids22 allows for the re-establishment of apical-in intestinal organoid cultures. This can be achieved by dissociating apical-out organoids to single cells and embedding them in ECM with Intestinal Organoid Expansion Medium.

A limitation frequently encountered in protocols describing the establishment of intestinal organoids in suspension cultures is the generation of large aggregates. This impacts several variables such as efficiency, reproducibility of the morphological features, permeability to compounds, and paracrine signaling. Similar to the protocol published by Co, J. Y. and colleagues, here we confirm to have obtained polarity inversion of at least 97% of all the suspended organoids without shearing after 3 days in suspension. However, in contrast to the publication, we have introduced a mechanical dissociation step in order to reduce the formation of large aggregates and increase yield. Since this procedure may damage the epithelium of the organoids, we extended the organoids incubation period for an additional 2 days to allow complete epithelium recovery and ensure high quality cultures for downstream applications. The introduction of constant agitation with the use of an incubator shaker or a spinner flask could potentially reduce fusion events, minimize fragmentation, and increase oxygenation. These alternative approaches may maintain the cultures for longer durations, reduce cell death, and allow for further differentiation of the apical-out intestinal organoids.

The establishment of an organoid-derived 2D monolayer provides several advantages and disadvantages compared to the inverted polarity organoids. The protocol described here allows for the rapid establishment of a confluent monolayer culture, typically, in less than 7 days and the option of long-term maintenance of the cultures for an extended period of time (up to 10 weeks). The protocol and the media used here also allow for the efficient differentiation of significant numbers of cells, not always found in other organoid-derived monolayer cultures16. Establishing a monolayer on a cell culture insert membrane allows for simultaneous access to both the apical and basolateral sides of the epithelium making them ideal for studies in barrier integrity and epithelial transport. This simplified access also renders them more amenable to infection and drug treatment studies. Furthermore, these cultures maintain many of the characteristics unique to the donor, maintaining their relevance for patient-specific studies. The ALI culture method also facilitates the differentiation of a more functional epithelium composed of both secretory and absorptive cell types, making it more representative of the human intestinal epithelium. The relative stability of these cultures also allows for them to be maintained for a prolonged period of time, providing the possibility for long-term studies. However, limitations of this approach are the high number of cells required to establish a confluent monolayer and the need to maintain complete confluency to have a functional separation between the apical and basolateral chambers. The characteristic crypt architecture, which can be modeled in the 3D organoid cultures is also lost upon establishing a monolayer culture. Nevertheless, the experimentally friendly format of the culture and the ease at which the apical and basolateral sides of the epithelium can be accessed, make it a powerful tool for the study of intestinal physiology.
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