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SUMMARY: 
This protocol describes the generation of a long-lived self-renewing monolayer culture system for mouse colonic stem cells that contains all major epithelial cell types. This culture system can be used to study epithelial biology, intestinal wound repair, and host-pathogen interactions. 

ABSTRACT: 
Intestinal organoid culture is a powerful tool to model stem and epithelial cell biology. Here we present a protocol to generate long-lived two-dimensional monolayers of all major intestinal epithelial cell types using primary mouse colon stem cells grown under air-liquid interface. An advantage of this protocol over conventional 3D organoid culture is that the monolayer is self-renewing for at least four weeks without passaging, allowing long-term studies of intestinal development and response to injury or challenge. Mouse colonic stem cells are first expanded in a conditioned medium containing Wnt, R-spondin, and Noggin. The stem cells are then seeded on a semi-permeable membrane to form a continuous monolayer. After seven days of submerged cell growth, the monolayer is exposed to an Air-liquid interface (ALI) by removing conditioned media from the apical compartment. This results in epithelial differentiation and formation of numerous self-organizing proliferative foci that resemble “flattened” colonic crypts. Stem cells and differentiated lineages co-exist in this monolayer for at least four weeks. We further demonstrate the ability to model injury-repair cycles by re-submerging the cells under conditioned media, which leads to a loss of differentiated cells while sustaining the regenerative stem cells. The differentiating monolayer can then be re-established by resuming the Air-liquid interface. In this protocol, we additionally present methods for histological analysis including paraffin embedding and whole mount imaging. This monolayer system can be adapted to study many aspects of long-term intestinal development, including stem cell dynamics, host-pathogen interactions, and metabolism.

INTRODUCTION: 
The intestinal epithelium is a self-renewing barrier with high regional and cellular diversity. An ideal in vitro model of this barrier would be long-lived, composed of all relevant epithelial cell types, and model cycles of homeostasis perturbation and restoration. In this protocol, we present a method to generate a two-dimensional monolayer culture from mouse colonic stem cell spheroids that allows the study of colonic injury, repair, and infection dynamics. 

In vitro 3D intestinal organoid culture methods have been widely and powerfully used to study stem cell biology and intestinal differentiation1,2. Multiple groups have adapted protocols to stem cells derived from multiple regions of the intestinal tract as well as embryonic or induced pluripotent stem cells3,4. Despite their immense power, there are several drawbacks to existing organoid culture methods. They are relatively short-lived, requiring passage every 5 to 7 days. The culture conditions used to induce differentiation leads to the loss of proliferative stem cells. Finally, organoids embedded in a three- dimensional extracellular matrix require microinjection techniques to introduce, for instance, bacterial pathogens5,6.

Two-dimensional monolayer cultures of immortalized intestinal cell lines have long been used to model simple epithelial repair and study absorption process7,8. However, these transformed cell lines can’t fully recapitulate homeostasis and normal cellular differentiation of all epithelial lineages. Primary stem cells under an Air-liquid interface (ALI) have been reported in other tissue types including skin, respiratory tract, and pancreas9–13. Some progress has been reported growing intestinal monolayer cultures under ALI, but these models are short-lived and often discontinuous14–17.

Here we present a protocol that addresses the gap in intestinal culture by generating long-term 2D cultures of mouse colonic stem cells under an ALI. We demonstrate the use of this system to model a proliferative injury-repair cycle by resubmersion of the cells. This protocol is based on our previous reports of development, infection, and repair18,19. The two-dimensional culture system will be generally useful for studies of long-term adaptation of the epithelium to environmental factors, such as aerotolerant microbes or oxygen tension. Spheroid stem cells can be grown from other regions of the gut and from other species including humans20–22, and we have preliminarily been able to generate ALI monolayers from these other sources with minor modifications to the protocol. It will also be an ideal platform to study more complex mixtures of cell types from different tissue compartments.

We have validated this protocol using conditioned media prepared from L-cells expressing Wnt, R-spondin, and Noggin (ATCC # CRL-3276)23, 24. Our laboratory has previously published a detailed protocol describing the generation of this conditioned media20. Multiple independent laboratories have used this protocol to generate this media for the growth of intestinal stem cells22,25,26. Before establishing colonic spheroid cultures, protocol users should generate a batch of the conditioned media (hereafter referred as 50% L-WRN CM). The 50% L-WRN CM can be frozen at -20 °C for long-term use.
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PROTOCOL:
All animal experiments described in the manuscript were approved by the Washington University School of Medicine Animal Studies Committee. All centrifugation steps can be performed at room temperature.

1. Establish and expand 3D colonic spheroid culture according to Miyoshi et al20.

NOTE: Refer to Table 1 for media recipes. 

1.1. Establish a 3D colonic spheroid culture

1.1.1. Briefly, dissect out a 1 cm segment of colonic tissue from an 8-10-week-old C57/BL6J mouse. Remove any fat or connective tissues with fine scissors. 

NOTE: Spheroid lines are typically generated from male mice in this age range, but lines can be established from other genetic backgrounds, ages, or genders with identical procedures.

1.1.2. Flush the lumen with ice cold PBS using a 10 mL syringe fitted with a blunt 19 G needle, then open the colonic segment longitudinally with scissors. 

1.1.3. Transfer the tissue to a 90 mm Petri dish containing ice-cold PBS and swirl the tissue to rinse.

1.1.4. Transfer the tissue fragment to a 50 mL conical containing ice-cold PBS. Wash by vigorous shaking.

1.1.5. Move the tissue fragment to a 40 mm Petri dish and transfer into the tissue culture hood. Mince the tissue with sterilized scissors in the Petri dish until the tissue can be easily pipetted with a P1000. The pieces at this point will be <1 mm2. Add 1 mL of collagenase solution to the minced tissue and mix the tissue homogenate by gentle pipetting. 

1.1.6. Transfer the tissue homogenate to a 15 mL conical flask. Digest at 37 °C for 20-40 min. Pipette 20x every 5-10 min until crypts fall out into the solution readily. 

NOTE: Colonic tissue typically requires 30-40 min of total digestion. Adequacy of digestion can be assessed using a phase or dissection microscope. Digestion is complete when 50-80% of single epithelial units (crypts or pits) are free from the larger colonic tissue fragments.

1.1.7. Filter the crypt suspension through a 70 µm strainer into a new 15 mL conical. Wash the strainer with 9 mL of Washing Media.

1.1.8. Centrifuge the filtered solution for 5 min at 100 x g. Aspirate the supernatant, leaving about 200 µL of solution around the loose cell pellet. Resuspend the cell pellet in 10 mL of washing media and repeat the centrifugation (second wash).

1.1.9. Aspirate all but 200 µL of solution. Resuspend the cell pellet in 1 mL of washing media. Transfer the solution to a 1.5 mL tube. Centrifuge 5 min at 350 x g.

1.1.10. Remove as much of the supernatant as possible with a pipette without disturbing the cell pellet. 

1.1.11. On ice, re-suspend the crypt pellet with 15 µL of extracellular matrix (see Table of Materials) per planned well of a 24 well plate. Typically, there will be enough crypts for 2-6 wells of a 24 well plate. Dispense one 15 µL droplet of the extracellular matrix mix to the center of each well of a 24 well plate.

NOTE: Approximately 1,000 to 3,000 epithelial units can be dispersed to each well. This can be estimated by evaluating a droplet of the solution with a phase or dissection microscope. Empirically, if starting with 1 cm of mouse colon, the user could resuspend the crypt pellet in 60 µL of extracellular matrix to seed 4 wells and adjust future experiments based on yield. 

1.1.12. Carefully invert the 24-well plate and incubate at 37 °C for 10 min for the extracellular matrix to solidify.

1.1.13. Return the plate to the tissue culture hood and re-invert. Add 500 µL of 50% L-WRN CM supplemented with 10 µM Y-27632 to each well.

NOTE: Y-27632 is an inhibitor of Rho-associated protein kinase (ROCK). ROCK inhibition helps to prevent anoikis in isolated epithelial cells. For mouse culture, supplement 50% L-WRN CM with Y-27632 when establishing stem cell lines and when spheroids are dissociated to single cell suspension (step 2.12–2.15). Y-27632 is not required for media change or passaging of established murine spheroids (step 1.2) or for media change of ALI monolayers (step 2.16).

1.1.11. Culture the spheroids at 37 °C in a tissue culture incubator with 5% CO2 supplementation for 3 days.

NOTE: Stem cells from different regions of the intestine or different animals may require additional co-factors. Consult relevant literature if using tissue other than mouse colon21. For instance, mouse small intestine stem cell spheroids do not need additional factors while human spheroids require a TGF-beta inhibitor.

1.2. Passage and expand 3D colonic spheroid culture

NOTE: Place an aliquot of 1x Trypsin in a 37 °C water bath to warm before beginning to collect the spheroids. All steps are performed at room temperature unless otherwise noted.

1.2.1. After 3 days of culture, remove the 50% L-WRN CM by aspiration. 

1.2.2. Add ~ 0.5 mL of 0.5 mM EDTA (PBS-EDTA) to each well. Scratch the colonic spheroid-containing extracellular matrix bubble in each well with a pipette tip to re-suspend in the PBS-EDTA. Collect the suspension from each well into a 15 mL conical.

1.2.3. Wash the collected spheroids by centrifuging at 350 x g for 5 min.

1.2.4. Aspirate the supernatant but don’t disturb the loose cell pellet. Add 300 µL of prewarmed 1x Trypsin to the cell pellet and mix by pipetting 1-2x.

1.2.5. Place the tube in the 37 °C water bath and incubate for 1.5 to 2 min. Pipette the mixture ~ 20x to complete the dissociation process.

1.2.6. Add 5 mL of washing medium to the dissociated spheroid fragments to quench the trypsin. Wash by centrifugation at 350 x g for 5 min.

1.2.7. Aspirate the washing media, leaving 200 µL of solution. Add 1 mL of washing media, resuspend by pipetting, and transfer the mixture to a 1.5 mL tube. Wash by centrifuging the 1.5 mL tube at 350 x g for 5 min.

1.2.8. Remove as much supernatant as possible with a pipette. Determine how many wells of a 24 well plate will be seeded based on the desired passage ratio and resuspend the cell pellet in 15 µL extracellular matrix per well on ice. Thoroughly mix by gentle pipetting but avoid introducing air bubbles.

NOTE: Typical passage ratios for mouse colon are 1:5 to 1:20. For example, if stem cells are collected from 4 wells of a 24 well plate in step 1.2.1 and a 1:10 passage ratio is desired, 600 µL of extracellular matrix would be added (4 wells x 1:10 passage ratio x 15 µL extracellular matrix per well). The ratio needs to be empirically adjusted for each researcher, depending on adequacy of trypsinization, pipetting losses, and other factors. New users should start with a ratio closer to 1:5 and increase dilution as skills increase. See also previous publications on spheroid culture for discussion and details20,21.

1.2.9.  Dispense 15 µL of the extracellular matrix suspension into 24-well plates as described in 1.1.8 and 1.1.9.

1.2.10.  After extracellular matrix has hardened, reinvert the plate and add 400 µL of 50% L-WRN CM containing 10 µM Rock inhibitor Y-27632 to each well. 

1.2.11. Culture the spheroids for 3 days at 37 °C. Change media on day 2.

NOTE: To seed 12 individual cell culture membrane inserts for 2D ALI culture, spheroids from approximately two 24-well plates are needed. The exact number of wells of spheroids required for seeding one plate depends on the density of spheroids plated and the efficiency of cell recovery from trypsinization described in step 2 and needs to be empirically determined by each individual researcher who performs the experiments. One might need to repeat the passage and expansion steps more than once to generate enough wells.

2. Seed 2D ALI monolayer culture

NOTE: Spheroids of Passage 3 to Passage 20 are typically used for seeding ALI culture.

2.1. To seed one plate (containing 12 x 6.5 mm diameter cell culture membrane inserts), dilute 120 µL extracellular matrix with 1,080 µL PBS to make 10% extracellular matrix solution. Keep the solution on ice until use.

NOTE: If using a membrane insert product other than that listed in the Table of Materials, be sure to select a product with transparent or clear membranes if microscopic imaging needs to be performed at later steps.

2.2. Add 100 µL of 10% extracellular matrix solution onto the membrane in each insert on top of the membrane. Dispense solution gently to avoid damaging the membrane. Incubate at 37 °C for 20-30 min to pre-coat. After incubation, aspirate all solution off the membrane.

2.3. Collect spheroids from two 24-well plates containing day 3 colonic spheroids. First, aspirate the 50% L-WRN CM from all wells of the plates.

2.4. Add 500 µL of PBS-EDTA to each well and scratch the extracellular matrix containing spheroids off the well. Transfer to 15 mL tubes. Collect up to 6 wells of extracellular matrix into one 15 mL tube.

2.5. Wash the collected spheroids by centrifugation at 350 x g for 5 min. 

2.6. Aspirate the supernatant from each conical tube. Add 500 µL of 1x Trypsin (pre-warmed in 37 °C water bath) to each 15 mL tube. Pipette 5x to dislodge the pellet.

2.7. Incubate in 37 °C water bath for 3 min. 

2.8. Pipette the contents of each tube vigorously (recommend 70x) to create a single-cell suspension. Filter the cell suspension through a 40 µm strainer and collect the flow through in a clean 50 mL conical. Use one strainer and 50 mL collection tube for up to two 15 mL conical tubes of cellular mixture.

2.9. Add 5 mL of washing media into each original 15 mL tube to rinse any remaining cells, then use this mixture to rinse the strainers. Collect the flow through in the 50 mL conical tube.

2.10. Transfer the filtrate from each 50 mL conical tube into a clean 15 mL tube. Centrifuge at 350 x g for 5 min.

2.11. Aspirate the supernatant. Wash the pellet again by adding 10 mL washing media to the pellet, resuspending by several pipettes, and centrifuging at 350 x g for 5 min.	

NOTE: A solid cell pellet without extracellular matrix should be readily visible in the 15 mL tube after centrifugation. If the pellet appears to be semi-transparent, trypsin digestion was incomplete. The optimal amount of time for trypsinization can vary based on handling conditions and should be determined empirically by individual researchers.

2.12. Dislodge the pellet with 1 mL of 50% L-WRN CM supplemented with 10 µM Y-27632. If there is more than one tube of cell pellets, transfer the suspension from the first tube onto the cell pellet in the second tube and mix by pipetting. Repeat the transfer and suspension until all the cell pellets are resuspended together in ~ 1 mL of 50% L-WRN CM. Mix well by pipetting 10x. 

2.13. Determine the number of cells collected using a manual or automated cell counter.

NOTE: On the cell counter, cells should be a mix of single cells or small clusters (less than 10 cells) with minimal cell death. If the cells at this step are not sufficiently dissociated, increase the trypsinization time in step 2.7 by 30 s and or increase the number of pipettes in step 2.8. Conversely, if there is a large amount of cell death, decrease the number of pipettes in step 2.8 by 10 and make sure that all steps are performed as quickly as possible. Trypan blue can be used to determine the extent of cell death. If many cells are dead or large clusters of cells remain, seeding will be inefficient.

2.14. Transfer 2.4 x 106 stem cells to a new 15 mL tube and bring the volume up to 1.8 mL by adding 50% L-WRN CM supplemented with 10 µM Y-27632. Mix well by pipetting 5-10x.

NOTE: Typical yields from 2 full 24 well plates of colonic spheroids are 2 to 4 million cells.

2.15. Dispense 150 µL of cell suspension into each insert (2 x 105 cells per insert, 12 cell culture membrane inserts per plate). Add 350 µL 50% L-WRN CM supplemented with 10 µM Y-27632 outside of the insert to each well (bottom of well) (Figure 1).

2.16. Incubate at 37 °C with 5% CO2. Change media both inside and outside of the insert every 2-3 days with 50% L-WRN (150 µL inside the insert, 350 µL outside the insert). 

NOTE: 10 µM Y-27632 is not required for media changes. 

2.17. On day 7 after seeding, carefully remove the 150 µL media from the inside of the insert to create Air-liquid interface (ALI) for the epithelial monolayer. This day is counted as ALI day 0 (Figure 1).

2.18. Keep changing media outside of the insert every 2-3 days. The ALI culture can be maintained for up to 1 month. Evenly distribute across the surface the light brown apical mucus layer which will become apparent around ALI day 7.

3. Whole mount staining for Ki67 and UEA1 on ALI monolayer culture

3.1. On ALI day 21, fix the culture by removing the 50% L-WRN media. Apply 4% paraformaldehyde (PFA) both inside (100 µL) and outside (300 µL) of the insert. Incubate at room temperature for 30 min or at 4 °C for overnight.

3.2. Remove PFA and discard according to local regulations. Wash with PBS 3x by applying 100 µL inside and 300 µL outside the insert. Soak the insert with PBS at 4 °C overnight.

NOTE: PBS soaking helps to hydrate and soften the mucus layer on top of the epithelial monolayer. Membrane inserts can be left in PBS at 4 °C for up to two weeks before proceeding to subsequent steps.

3.3. Gently remove the PBS from the inside of the insert by pipetting to lift the mucus layer. Remove the PBS from the bottom of the insert. Wash once more with PBS applied to the inside and outside of the insert, followed by immediate aspiration.

3.4. Remove the insert from the well and place on a cutting board. Carefully cut the membrane out of the plastic insert frame using a #11 surgical blade.

3.5. Transfer each cut membrane (with cell side facing upwards) into a separate well of a 24 well plate containing 200 µL of blocking buffer (PBS with 1% BSA and 0.1% Triton-X). Incubate at room temperature for 1 h to block the cells.

3.6. Dilute the Ki67-FITC antibody 1:200 or UEA1-Rhodamine 1:500 in blocking buffer.

3.7. Remove the blocking buffer and add 200 µL diluted primary antibody solution to each sample. Incubate at 4 °C overnight. 

3.8. Wash the membrane with 500 µL of PBS for 5 min with gentle rocking. Repeat this wash two more times.

NOTE: If using un-conjugated primary antibodies, remove the blocking buffer and perform a one-hour incubation with secondary antibody at room temperature, followed by three PBS washes.

3.9. Aspirate PBS and incubate in 200 µL of diluted Hoechst solution (1:5,000 in PBS) at room temperature for 10 min to stain nuclei. Wash once with PBS.

3.10. Carefully transfer the membrane to a glass slide using fine tweezers with the cell side facing upwards. Add a droplet of mounting media and cover the membrane with a coverslip. Gently press the coverslip and clean any excessive mounting media outside of the coverslip.

3.11. Use an inverted confocal microscope to take whole mount images (Figure 2). Place the slide with the cell side facing the lens. Find the focal plane for the cells by using a 10x lens. Then use a 40x or 60x lens (use water or oil as needed) to capture images at the desired fluorescent channels. Z stacks of 20-30 µm is recommended to capture the entire span of cell height.

4. Agar embedding of ALI culture for paraffin blocks

4.1. Perform the fixation, PBS wash and membrane cutting steps as described in 3.1 to 3.4.

4.2. Transfer each cut membrane to an individual well of a 24 well plate. Add 1 mL of 70% ethanol to each sample. Incubate overnight at 4 °C.

NOTE: Samples can be stored in 70% ethanol for up to one week at 4 °C.

4.3. On the day of agar embedding, prepare 2% agar solution by microwaving 1 g of agar powder in 50 mL of distilled water for 1 min or until agar dissolves completely. Keep the agar solution warm in a 60 °C water bath.

4.4. Remove the cut membrane from the ethanol using fine tweezers and lay flat on a colored cutting board with cell side facing up.

4.5. Use a transfer pipette to cover the top of the membrane with warm 2% agar from the solution kept in 60 °C water bath (“Agar 1” in Figure 3B). Wait until the agar solidifies.

4.6. Use a razor blade to trim the agar droplet making a square shape with the membrane at the center of the square. 

4.7. Cut the agar square with the embedded membrane in the midline to make two halves. Use forceps to make each half stand vertically with the cut / midline edge down on the cutting board surface. Then align the two pieces parallel and next to each other with the apical side of all membrane sections pointing in the same direction (Figure 3B).

4.8. Place several drops of 2% agar on top and around the two vertically standing halves and wait until it solidifies. This results in a bigger agar block for sectioning (“Agar 2” in Figure 3B).

4.9. Place the agar block within a histology cassette and store in 70% ethanol at 4 °C before subjecting it to standard paraffin processing and sectioning.

5. Model injury and repair with re-submersion and re-ALI

5.1. On ALI day 21, add 150 µL of 50% L-WRN media on the apical side of ALI culture to re-submerge the monolayer.

5.2. Change media inside and outside of membrane insert every 2 days.

5.3. After 7 days of re-submersion, remove media on the apical side of the monolayer to re-create air-liquid interface.

5.4. Incubate for another 14-21 days to re-establish a self-renewal, differentiated monolayer.

NOTE: During the course of re-submersion and re-ALI, histology and whole mount staining analysis can be performed at any time as described in steps 4 and 5.

REPRESENTATIVE RESULTS: 

The colonic ALI monolayer culture consists of two distinct phases: the submerged phase and the ALI phase (Figure 1). During the submerged phase, 50% L-WRN CM is applied both inside and outside of the membrane insert. Colonic epithelial cells will settle and attach to insert membrane overnight after the initial seeding step. Over the first seven days of the submerged phase, the epithelial cells will form a confluent monolayer in the insert. Upon creation of ALI, monolayer cells undergo a proliferative burst in the first two days. Over the next 2-3 weeks, the monolayer self-organizes into proliferative foci containing stem cells and regions of cellular differentiation including UEA1 expressing goblet cells (Figure 2)19. At day 0 of ALI culture, a continuous, flat monolayer will be present and cover the membrane. After 3 weeks of ALI culture, cell height dramatically increases compared to ALI day 0 and mucus-producing goblet cells are plainly visible (Figure 3A). Between ALI day 7 to day 14, a layer of apical mucus will become visible to the naked eye. Enteroendocrine and absorptive lineages are also present as detailed in our previous work19. Upon re-submersion on ALI day 21, the monolayer will revert back to a flat, regenerative epithelium. Re-establishing the ALI following the period of re-submersion will again result in a long-term self-renewing monolayer.

To assess the histology of the monolayer in paraffin sections, an agar-embedding step is performed prior to paraffin processing and embedding. In the agar block, membrane halves are aligned parallel to each other while vertically positioned to the future cutting plane of a paraffin block (Figure 3B). This agar pre-embedding step will facilitate the generation of cross sections of the monolayer. Standard immunostaining and H&E staining can then be performed to examine the morphology and differentiation of the monolayer from a side view of the cells over the course of ALI culture. In contrast, whole mount immunostaining provides a top-down view of the monolayer culture and can be used in combination with cross sections to achieve a comprehensive understanding of this monolayer system.

FIGURE AND TABLE LEGENDS: 

Figure 1: Illustration of ALI culture. ALI culture is composed of two phases. In the submerged phase (first 7 days), 50% L-WRN media is applied both inside and outside the membrane insert. During the air-liquid interface phase, epithelial monolayer is cultured without media on top of its apical side. 

Figure 2: Whole mount staining on ALI Day 21 monolayer. Whole mount images of Ki67 (red) and UEA1 (grey) staining on ALI day 21 monolayer culture as described in step 3. Scale bar: 20 µm.

Figure 3: Histology of ALI monolayer culture on cross sections. (A) H&E staining on cross sections of ALI culture on ALI day 0 and ALI day 21. (B) Illustrated side view of an agar block containing multiple membrane insert halves as described in step 4. Scale bar: 50 µm.

[bookmark: _GoBack]Table 1: Media recipes. 

DISCUSSION:
Because the monolayers are long-lived, it is especially important to practice sterile culture technique to prevent accidental contamination. All work should be performed in an appropriate biosafety cabinet using sterilized and/or single use consumables, where possible. It is also essential to generate a high number of stem cells by spheroid culture to create the initial seeding lawn. If the user does not have experience with stem cell practice, it is advisable to become familiar with basic handling and passaging techniques through repetition with a manageable number of culture wells before expanding to large collection volumes which are more time consuming and expensive.

The presented protocol is for the two-dimensional culture of mouse colonic stem cells. Numerous protocols have been developed in the literature to grow spheroids and organoids from different intestinal regions and different animal hosts. Future directions would include extending these ALI methods to stem cells derived from other intestinal regions or host species, notably human. This would enable patient-specific studies of development and disease. In preliminary studies in our laboratory, we have been able to generate ALI cultures from human rectal stem cells with minor modifications to the protocol. However, further work is needed to determine stem cells from different regions or animal hosts would undergo the same proliferative burst and self-organization as mouse colonic stem cells when exposed to ALI. Similarly, it is possible that there are rare differentiated epithelial cells types in other intestinal regions that would not emerge without additional growth signals.

The intestinal epithelium is a polarized barrier, with distinct apical and basolateral surfaces. A major benefit of a 2D monolayer culture model is that the apical and basolateral surfaces are each readily accessed. For instance, microbes from the intestinal lumen contact the apical surface of the colon. Studies of host-microbe interactions in 3D organoid systems require micro-injection of bacteria or bacterial components to the luminal (interior) surface of the 3D structure5,6,27,28. By contrast, viruses and aerotolerant bacteria can be introduced to intestinal monolayers without special equipment29,30. Similarly, several groups have leveraged the ability to separate cell types on opposite sides of a semi-permeable membrane to study the interactions between primary epithelial monolayers and immune cells or enteric neurons31,32. An advantage of our protocol is that all epithelial cell types our present simultaneously in a long-lived monolayer organized to resemble flattened crypts. Co-culture and pathogenesis studies in this model might be useful to determine which epithelial cell type or region of the crypt-villous axis is most critical for a particular interaction.
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