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SUMMARY: 
This article details a straightforward method for the three-dimensional co-culture of two cell types separated by a reconstituted basement membrane that requires little specialized equipment and can be readily analyzed by a variety of experimental techniques.

ABSTRACT: 
Three-dimensional (3D) co-culture is a rapidly evolving technique for researchers looking to accurately study cell-cell interactions using in vitro experiments. The limitations of monolayer cell culture, including limited interactions between the cellular and extracellular environment and disturbed cell morphology are addressed by simulating the in vivo cellular environment. Using a scaffold to provide structural support and including biologically active extracellular matrix component, three-dimensional cultures display behaviours and morphologies more congruent with tissue. Incorporating multiple cell types into this kind of 3D environment allows for study on cell-cell interactions inside a biomimetic model system. A wide range of 3D co-culture technologies have emerged, each with their own advantages and challenges. Often these technologies require specialized equipment, complex setup, or specific technical knowledge. As well, there exist few standardized methods for studying indirect cell-cell interactions between two cell types separated by a reconstituted basement membrane.  Here, we describe a three-dimensional co-culture method that requires only fundamental technical skills and uses more widely applicable materials to successfully recapitulate indirect cell-cell interactions across a basement membrane. A monolayer of cells is covered in a layer of extracellular matrix, in the form of Matrigel, and a second cell type is seeded on top. The resultant co-culture is maintained for five days, at which point cells are analyzed for morphological changes by immunofluorescence or extracted from co-culture for more detailed genomic, transcriptomic, or proteomic analyses. This protocol is ideal for studying the impact of cell-cell communication on cell behaviour when physical contact is prohibited by a basement membrane. As researchers continue to opt for more in vivo relevant cell culture methods, a streamlined approach is necessary to avoid high barriers to entry. 

INTRODUCTION: 
In vitro cell culture is a robust, rapid, and widely used research technique. Though traditional cell culture methods are powerful, they differ greatly from an in vivo environment. The spatially restricted nature of monolayer cell culture leads to changes in gene expression, morphology, and biochemistry1–3. Three-dimensional (3D) culture techniques address this disparity, as cells are grown in a scaffold that simulates the extracellular matrix (ECM) present in organs and tissues. In 3D culture, cells display morphology and behaviour more like that which is seen in vivo4, 5 However, 3D culture alone does not fully recapitulate the many components of an in vivo microenvironment because it lacks contributions from other cell types6. 

Direct (contact between cells) and indirect cell-cell interactions play a major role in the behaviour of cells in vivo7, 8. Recapitulating these interactions requires 3D co-culture models, where multiple cell types are cultured together in a 3D environment. Using these techniques, an in vivo-like growth environment can be established in vitro, improving the biological relevance of the results9, 10. However, the more specific the environment required for a particular experiment is, the more complex the methodology becomes. There is a lack of a standardized model system that can be used to study cell-cell interactions between cells separated by a basement membrane matrix. As such, this protocol was designed to simulate cell-cell interactions that occur across a basement membrane matrix in a robust, reproducible manner. Adapted from a previously established 3D culture model11, the technique uses a layer of Matrigel, hereby referred to as ECM gel, to physically separate two different cell types in culture while allowing secreted factors to pass through. It was originally designed to study the indirect impact adipocytes have on mesenchymal breast cancer cells but can easily be modified to accommodate a variety of cell types. Careful consideration should be given to whether this method is appropriate for a given experimental design. This method does not permit direct cell-cell interaction and should therefore be limited to modelling in vivo scenarios that involve indirect communication between cells across a basement membrane matrix. For example, this system would not be ideal to model the interactions between cytotoxic T cells and tumour cells, as they commonly interact directly. Instead, consider biological scenarios where a basement membrane naturally separates the two cell types of interest. For instance, this method could be applied to the study of interactions between tumour cells and vascular endothelial cells prior to intravasation. 

A common alternative 3D co-culture method involves the use of specialized microfluidics chips, or “organ-on-a-chip (OoC)”. OoC systems are powerful and can be tailored to individual experiments, but require significant time and resources committed to chip design, material selection, peripheral equipment, optimization, and data collection12, 13. In addition, there is currently no standard material or method that can provide the biological and physical cues of the basement membrane matrix while not interfering with microfluidic flow14. As such, applying OoC technology to studies of cell-cell interactions across the basement membrane presents further challenges. The method outlined in this protocol seeks to offer a standardized alternative that maintains biological relevance and accessibility.

PROTOCOL: 

This protocol (Figure 1a) outlines a 3D co-culture system designed to recapitulate cell-cell interactions across a basement membrane matrix. Downstream analysis is possible using confocal microscopy (Figure 1b) or by harvesting cells from within the co-culture (Figure 1c). By using a ‘sandwich’ construction, where a layer of ECM gel is sandwiched between two cell populations, the protocol does not depend on any specialized apparatuses and can be performed with foundational knowledge of modern cell culture techniques.

1. 3D Co-culture preparation

NOTE: The outlined protocol is intended as a representative application of the 3D co-culture method using 3T3-L1 adipocytes and MDA-MB-231 breast cancer cells. The use of different cell types will require optimization of cell seeding density and pre-testing of ECM gel lots to ensure efficacy. This protocol addresses the use of a no-adipocyte control and conditioned media control. More controls may be required depending on the experimental goal.

1.1 Cell culture and solution preparation

1.1.1 Acquire and establish cultures of 3T3-L1 pre-adipocyte and MDA-MB-231 breast cancer cell lines. Grow and independently maintain all cells using aseptic technique in a class II biological safety cabinet and standard adherent cell culture methods15. Maintain 3T3-L1 cells in Dulbecco’s Modified Eagle Media (DMEM) supplemented with 10% (v/v) Newborn Calf Serum (NBCS) and 1% Penicillin-Streptomycin (10,000 U/mL). Maintain MDA-MB-231 cells in RPMI 1640 supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin (10,000 U/mL) 

NOTE: Never allow 3T3-L1 cells to exceed 80% confluence during maintenance and do not use cultures past the 20th passage number.

1.1.2 Acquire or prepare a stock solution of 1x phosphate-buffered saline (PBS) with 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4.

1.1.3 Prepare 50 mL of PBS-glycine wash solution by adding 0.375 g of glycine to 50 mL of PBS for a final glycine concentration of 100 mM. Store solution at 4 ˚C for up to 12 months.

1.1.4 Prepare 10 mL of permeabilization buffer by adding 50 µL of Triton X-100 to 9.5 mL of PBS. Fill to 10 mL for a final concentration of 0.5% (v/v) Triton X-100. Store at 4 ˚C and use within 1 month.

1.1.5 Prepare 50 mL of immunofluorescence (IF) buffer by adding 50 µg of bovine serum albumin (BSA), 100 µL of Triton X-100, and 25 µL of Tween-20 to 45 mL of PBS. Fill to 50 mL for a final concentration of 0.1% (w/v) BSA, 0.2% (v/v) Triton X-100, and 0.05% (v/v) Tween-20. Store at 4 ˚C and use within 1 month.

1.1.6 Prepare 10 mL of blocking buffer by adding 1 mL of animal serum to 9 mL of IF buffer for a final concentration of 10% serum. Store at 4 ˚C and use within 1 month. 

NOTE: Species identity of serum depends on the host species of the secondary fluorescent antibodies used (see 2.2.4).

1.1.7 Thaw ECM gel (total protein concentration ~9-9.5 mg/mL) at 4 °C overnight. Prepare 500 μL aliquots in 1.5 mL micro-centrifuge tubes and store at -20 °C.
NOTE: ECM gel is highly variable and must be verified to induce expected behaviour in each cell type. Different cell types may require different protein concentrations or matrix stiffness. 

NOTE: Always use pre-chilled pipette tips and containers when handling ECM gel to avoid polymerization at room temperature. Always keep ECM gel on ice during handling.

1.2 Adipocyte differentiation

1.2.1 Seed 50,000 to 80,000 3T3-L1 pre-adipocytes in 0.5 mL of standard growth medium into 2 wells of a 4-well chamber slide. The empty wells will be used for no-adipocyte and conditioned media controls.

NOTE: Chamber slide cell cultures are prone to mechanical disruption. Avoid vacuum aspiration of media and use a gentle pipetting technique with manual pipettors.

1.2.2 Seed 50,000 to 80,000 3T3-L1 pre-adipocytes in 0.5 mL of standard growth medium into a single well of a 24-well tissue culture plate. This will be used to collect conditioned media for the conditioned media control.

1.2.3 Allow both cultures to reach 100% confluence over 24 h.

1.2.4 Initiate adipogenesis by replacing growth medium with adipogenesis initiation medium, consisting of DMEM supplemented with 10% FBS, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX) and 1 μM dexamethasone. Incubate the cells at 48 h at 37 °C in a 5% CO2 incubator. 

1.2.5 After 48 h, replace the spent media with fresh adipogenesis progression medium, consisting of DMEM with 10% FBS and 10 μg/mL insulin. Incubate cells another 48 h at 37 °C in a 5% CO2 incubator.

1.2.6 Before continuing with 3D co-culture, visually confirm the presence of lipid droplets in >60% of cells. If lipid droplet accumulation is slow, replace progression media with DMEM with 10% FBS and monitor lipid content every 24 h. 

1.3 Overlay and maintenance of 3D co-culture

1.3.1 Thaw ECM gel at 4 °C overnight before continuing with overlay. 
NOTE: To avoid effects of lot-to-lot variability, it is recommended to use the same lot of ECM gel for all experiments within a single study.

1.3.2 After successful differentiation of 3T3-L1s, remove the spent culture media, leaving a small buffer of ~50 μL of media. 

1.3.3 Carefully add 110 μL of ECM gel to each adipocyte-containing well of the chamber slide, being careful not to disturb the adipocyte monolayer. 

NOTE: ECM gel solidifies rapidly at room temperature. To avoid premature matrix polymerization, always keep ECM gel on ice and use tips pre-cooled at -20˚C.

1.3.4 Add 110 μL of ECM gel to the empty no-adipocyte control well. To ensure even spread of Matrigel, add dropwise into the corners of the well then, the middle of the well. Use the pipette tip to gently spread the Matrigel across the culture surface without scraping.

1.3.5 Incubate the slide for 1h at 37 °C to allow the ECM gel to polymerize.

1.3.6 During this incubation step, collect and count MDA-MB-231 cells 

OPTIONAL: See step 1.4 for details on fluorescently labelling these cells. 

1.3.7 Prepare a diluted suspension of MDA-MB-231 cells at 30,000 cells/mL in mammary growth medium containing 2% ECM gel (v/v). 
NOTE: Optimal cell seeding density varies across cell types and must be optimized prior to experimentation.

NOTE: Mammary growth medium is a commercially available cell culture medium optimized for mammary epithelial cells. It contains 0.4 % Bovine Pituitary Extract, 10 ng/mL Epidermal Growth Factor (recombinant human), 5 µg/mL Insulin (recombinant human), and 0.5 µg/mL Hydrocortisone. Co-culture medium must be chosen carefully such that it suits the needs of both cell types.

1.3.8 Once the ECM gel has polymerized, gently add 450 μL of MDA-MB-231 suspension to each well. This results in a total cell count of 13,500 cells/well. 
NOTE: An uneven overlay of the cell suspension over the gel is a possibility at this step. Visually assess chamber sides and tap gently on all sides of the chamber to distribute evenly.

1.3.9 To the adipocyte culture on the 24 well plate, add 450 μL of mammary growth medium containing 2% ECM gel (v/v). Harvest and change media every 48 h.

1.3.10 Maintain the co-culture for a maximum of 5 days, with media changes every 48 h.
NOTE: Refrain from vacuum aspiration and use gentle pipetting. Detachment of the ECM gel is a possible issue that may arise during co-culture maintenance.

1.3.11  For the conditioned media control well only, dilute harvested adipocyte (from step 1.3.9) conditioned media 1:1 with fresh media before replacing spent co-culture media on days 2 and 4. 

NOTE: At this point, the co-culture period is finished and must be analyzed either by fixing and staining the cultures to ascertain morphology and marker expression (see section 2) or by extracting cells from the co-culture environment and preparing cells for downstream analysis (see section 3).

1.4 Fluorescent cell labelling (Optional)

NOTE: Labelling of overlaid cells can be performed prior to step 1.3.7 to help identify overlaid cells during immunofluorescence image capture.

1.4.1 Prepare a 5 mM stock solution of Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE) by dissolving 10 mg of CFSE in 4.22 mL of DMSO. Store in 500 μL aliquots at -20 °C, protected from light.

1.4.2 After counting cells from step 1.3.6, wash cells once with 5 mL of PBS. Resuspend the resulting pellet in 1x PBS to a final concentration of 1,000,000 cells/mL.

1.4.3 Add 1 μL of 5 mM CFSE per mL of cell suspension to achieve a final working concentration of 5 μM. Incubate the cell suspension for 20 min at room temperature, protected from light. 

1.4.4 Quench the CFSE staining by adding 5 volumes of culture medium. Incubate an additional 5 min at room temperature.

1.4.5 Pellet cells and wash twice with PBS to remove residual CFSE. Resuspend cells in pre-warmed mammary growth medium. Incubate for a further 10 min at room temperature to ensure no dye remains. 

1.4.6 Seed fluorescently labelled cells as described in step 1.3.7. The remainder of the protocol can be carried out as described.

2. Immunofluorescence

2.1 Fixation

NOTE: To avoid depolymerization of ECM gel and loss of samples during washing, allow all reagents to equilibrate to room temperature for ~30 min before use.

2.1.1 After 5 days of co-culture, replace media with 500 μL of PBS. 

NOTE: Steps 2.1.2 to 2.3.7 can be carried out in non-sterile conditions.

2.1.2 Remove PBS and replace with 2% paraformaldehyde (PFA) in PBS (prepared fresh) at room temperature for 10 min.
NOTE: ECM gel is sensitive to PFA and may lead to detachment of the gel layer.

CAUTION: PFA decomposes into formaldehyde over time. Avoid inhalation of fumes, ensure sufficient ventilation, and always wear proper personal protective equipment (i.e. gloves, lab coat, eye protection) when handling PFA.

2.1.3 Remove PFA and wash wells with 500 μL of PBS-Glycine wash solution for 15 min at room temperature with gentle agitation. NOTE: The use of PBS-Glycine wash is critical to prevent free aldehydes from producing background fluorescence. Do not wash in PBS without glycine.

2.1.4 Repeat step 2.1.3 twice for a total of three washes. See 2.1.5 for storage conditions, otherwise skip to step 2.2.2

2.1.5	 At this point the protocol can be paused for up to 1 week and the slide can be stored at 4°C. To store the slide, fill all wells with 1 mL of PBS, and seal the cover of the chamber slide with a thin ribbon of parafilm. Place the slide flat in light-proof container, on top of a wetted delicate task tissue to ensure cultures do not dry out. 

2.2 Antibody staining

2.2.1 Bring previously stored slides to room temperature, remove PBS and wash wells with 500 μL of fresh PBS, for 15 min with gentle agitation. Skip this step if continuing straight from step 2.1.4.

2.2.2 Permeabilize cells with 500 μL of permeabilization buffer for 15 min at room temperature without agitation.

2.2.3 Wash wells with 500 μL of PBS, with 15 min of gentle agitation. Repeat twice for a total of 3 washes.

2.2.4 Add 500 μL of blocking buffer to each well and incubate for 1 h at room temperature with gentle agitation. 

NOTE: Ensure the source species of serum in the blocking buffer matches the host species of secondary antibody. In this protocol we use donkey serum and donkey secondary antibodies.

2.2.5 Dilute primary antibodies of interest in IF buffer, according to manufacturer’s recommendations. Remove blocking buffer and add 300 μL of diluted antibody solution to each well.

2.2.6 Seal the cover of the chamber slide with parafilm and place slide in a light proof container. Incubate overnight at 4 °C with gentle agitation.

2.2.7 Wash wells with 500 μL of IF buffer, with 15 min of gentle agitation. Repeat twice for a total of 3 washes.

2.2.8 Dilute appropriate fluorescently labeled secondary antibody in IF buffer, according to manufacturer recommendations. Add 300 μL of secondary antibody dilution to each well and incubate for 1h at room temperature with gentle agitation. 
NOTE: Avoid prolonged exposure to light after this step to limit photobleaching.

2.2.9 Repeat step 2.2.7.

2.2.10 Dilute a 300 μM stock solution of 4',6-diamidino-2-phenylindole (DAPI) 1:800 in PBS. Add 300 μL to each well and incubate for 20 min, at room temperature, with gentle agitation.

2.2.11 Wash cells with 500 μL of PBS for 5 min with gentle agitation. Repeat once.

2.3 Slide mounting

2.3.1 Remove as much residual PBS as possible without disturbing the cultures. Replace the lid and separate the chamber from the glass slide using the tool provided by the chamber slide manufacturer. 

2.3.2 Using a delicate task tissue, wipe the edges of the slide to remove residual PBS without disturbing the ECM gel.

2.3.3 Slowly pipe silicone sealant around the edges of the slide using a syringe and 18G needle. Allow 3 min for the silicone to set.

2.3.4 While the silicone sets, add 1-2 drops of antifade mounting media to each well. Avoid bubbles. If bubbles are formed, use a pipette to carefully remove them without harming the culture.

2.3.5 After the silicone has set, gently lower a glass coverslip at a shallow angle. Use forceps or a pipette tip to expel air bubbles as the coverslip is being lowered. Use gentle pressure to avoid shattering the coverslip.

2.3.6 Place the slide in a light-proof container at room temperature and let it set overnight. The slide can then be stored at 4 °C and the protocol paused for up to 1 week. 
NOTE (Optional): To better seal slides, apply clear nail polish to the edges of the coverslip 1 h after coverslipping.

2.3.7 Image slides using a confocal fluorescence microscope at 10-20x magnification. Capture five random fields of view to minimize operator bias. 

3. Harvesting co-cultures for downstream analysis

NOTE: Harvesting cells or biomolecules is incompatible with immunofluorescence. It is recommended to grow co-cultures intended for other downstream analyses in standard 24-well culture dishes using the same cell concentrations and volumes as outlined in sections 1 and 2.

3.1 Cell extraction

3.1.1 Remove spent media and gently wash wells with ice-cold PBS. Repeat once for a total of two washes.

3.1.2 Using a wide-bore pipette tip, add 1 mL of ice-cold Cell Recovery Solution, herein referred to as recovery solution. Gently pipette up and down to disrupt the ECM gel layer. Transfer liquid to a 1.5 mL microcentrifuge tube. 
NOTE: Cell Recovery Solution is a commercially available non-enzymatic solution designed to gently liberate cells embedded in ECM gel. It is a proprietary composition and may be incompatible with certain cell types. As an alternative, enzymatic depolymerization of ECM gel may be considered using gentle proteinases like Dispase or Accutase. This will require 37°C incubations along with optimization of incubation time.

3.1.3 Add an additional 250 μL of ice-cold recovery solution to each well to collect any remaining cells. Transfer into the corresponding microcentrifuge tube.

3.1.4 Invert tubes 4-5 times to mix.

3.1.5 Transfer tubes to ice and incubate for 60 min with gentle agitation. Every 10 min, invert tubes 2-3 times to prevent settling of tube contents.

3.1.6 Centrifuge tubes at 300 x g for 5 min at 4 °C 

3.1.7 Verify the presence of a visible cell pellet. Carefully remove supernatant and add 1 mL of ice-cold 1x PBS. Centrifuge at 300 x g for 5 min at 4 °C. Repeat once for a total of two washes. Expect the pellet to contain 80-90% of initially seeded cells with the proportions of each cell type remaining constant.

NOTE: At this point, the cell pellet can be lysed to collect protein or nucleic acids. Lysed pellets can be stored at -80 °C and the protocol paused for 3 months. Lysis is incompatible with 3.2.

3.2 Single-cell suspension preparation

3.2.1 Resuspend pellet in 200 μL of 0.25% trypsin-EDTA. Then, incubate at 37 °C for 3-4 min.

3.2.2 Add 600 μL of complete growth medium to quench trypsin digestion.

3.2.3 Centrifuge at 300 x g for 5 min at room temperature. Remove supernatant and add 500 μL of room temperature PBS. 

3.2.4 Centrifuge at 300 x g for 5 min at room temperature. Repeat once for a total of two washes.

3.2.5 Resuspend pellet in 80 μL of PBS with 0.04% BSA, filter suspension using a 40 μm cell strainer.

3.2.6 Dilute 5 μL of suspension in 5 μL of trypan blue. Count cells and assess viability on a hemacytometer. Cells are now ready for downstream analysis.

REPRESENTATIVE RESULTS: 
To demonstrate this protocol’s effectiveness for studying the effects of cell-cell interactions across a basement membrane, Figure 2 and Figure 3 have been repurposed from a previous publication (Pallegar et al.16) as representative outcomes. Figure 4 and Figure 5 are novel data and have been generated to show this protocol’s adaptability to non breast cancer cells and the ability to harvest cells from the co-culture environment to be used downstream.  

Successful co-culture using this method results in clear images where distinct morphological features of the cell type of interest can be measured and analyzed (Figure 2). Depending on the identity of cells chosen for co-culture and extent of cell-cell interactions morphological changes may vary. Changes in morphology are quantified by comparing the number of cells belonging to  morphologically distinct groups. In the case of breast cancer co-culture with adipocytes, a mesenchymal-to-epithelial transition (MET) was observed, and morphological groups were constructed to reflect that. Briefly, morphologies were quantified by measuring the circularity of manually traced cell structures across three images per biological replicate using imageJ. Groups were assigned based on circularity values. A circularity value <0.2 was classified as stellate, from 0.2–0.7 was grape-like, and values 0.7 were considered round/mass-like. The presence or lack of distinct morphological changes do not correlate with successful or unsuccessful application of the protocol. For instance, morphology changes consistent with MET were identified in MDA-MB-231, Hs 578T, and SUM159 breast cancer cells after co-culture with adipocytes (Figure 2a-c) while MCF7 breast cancer cells did not display any changes (Figure 2d). As long as the observed, or unobserved, changes in morphology are reproducible across replicates the protocol is successful.

A successful experiment using this protocol may also produce a useful assessment of protein expression via immunofluorescence. Signals should be sharp and clear, with minimal background. A low IF signal indicates potential issues with marker selection or antibody dilution. High background can be the result of improper blocking or autofluorescence from residual fixative. The choice of markers depends on the goals of the experiment. In this example, to quantify MET expression of epithelial and mesenchymal markers was measured. These markers may not necessarily be affected in the same way if different cell types are substituted. Co-culture of adipocytes and MDA-MB-231 leads to a significant increase in the epithelial markers E-cadherin and Claudin-7 (Figure 3a,b). The same change in E-cadherin and Claudin-7 is seen in Hs 578Ts along with a significant decrease in the mesenchymal marker vimentin (Figure 3c,d) No visible changes in marker expression indicate there is no significant impact of co-culture on SUM159 or MCF7 marker expression (Figure 3e,h). Again, protocol success is dictated not by changes in marker expression but whether the observations are reproducible across replicates. 
	
To determine if this protocol is generalizable to non-cancerous mammary epithelial cells, MCF10A cells were also subjected to 3D co-culture with 3T3-L1 cells (Figure 4), with the optional step of labeling the MCF10A cells with CFSE. Labeling with CFSE enabled morphology visualization without relying on brightfield imaging, which can occasionally be unreliable due to background interference from adipocytes. This was accompanied by a reproducible apparent reduction in E-cadherin signal intensity coupled with an increase in vimentin signal intensity. Minimal optimization was required for this experiment to succeed. Choosing the right cell culture media in which both cell lines can grow in was the most important factor. Thus, this proof-of-concept experiment demonstrates that non-malignant cell lines can equally be co-cultured with adipocytes using the outlined protocol.
	
As cells extracted from co-cultures maintain high viability (80–90%+) with a total of approximately 50,000 to 80,000 cells recovered from an individual co-culture (Figure 5), it is possible to use these co-cultures for downstream analysis by flow cytometry or single cell RNA-seq. Cell viability or counts significantly below these ranges may indicate issues in the extraction process.

FIGURE LEGENDS: 

Figure 1: Three-dimensional Co-culture Workflow and Analysis Graphical Overview. a Simplified workflow of 3D co-culture preparation using differentiated 3T3-L1 preadipocytes and MDA-MB-231 triple-negative breast cancer cells. b Overview of immunofluorescence analysis of completed 3D co-culture. c Representation of analytical methods used post-extraction of cells from 3D co-culture. Data are purely representative and do not reflect any real results. Abbreviations: ECM = Extracellular matrix; E/M = Epithelial/Mesenchymal; Ab = Antibody. 

Figure 2: The use of three-dimensional co-culture across a basement membrane to analyze cell morphology. Representative images of a MDA-MB-231, b Hs578t, c SUM159, or d MCF7 cells cultured on ECM gel, on ECM gel overlaid on 3T3-L1 adipocytes, or treated with conditioned media (CM) from adipocytes cultured underneath an ECM gel. Graphs on the right provide the total percentage of cells belonging to round/mass-like, grape-like, or stellate cell shapes as mean ± SD calculated from 3 biological replicates. Round/mass-like corresponds to cell structures with circularity >0.7, grape-like = circularity 0.2-0.7, stellate = circularity < 0.2. Image analysis performed using imageJ v. 1.4.8. Differences in the distribution of cells belonging to each group between treatments and control were determined by chi-square test, **P<0.01,***P<0.001. Significant differences in specific morphologies were determined using a 4 X 3 between subjects factorial ANOVA, followed by one-way ANOVAs and Tukey HSD post-hoc analysis within each shape between conditions. All statistical tests were performed using R v3.3 via R studio with P<0.05 as significance cutoffs. a,b,c = P<0.05 for stellate; 1,2,3 = P<0.05 for grape-like; α,β,γ,θ = P<0.01 for round/mass-like. Scale = 50 μm. This figure was taken from Pallegar et al.22. 

Figure 3: Analysis of Marker Expression in Breast Cancer Cells After Successful Three-Dimensional Co-Culture Across a Basement Membrane. Representative images of a MDA-MB-231, c Hs578t, e SUM159, or g MCF7 cells cultured on ECM gel, on ECM gel overlaid on 3T3-L1 adipocytes, or treated with conditioned media (CM) from adipocytes culture underneath an ECM gel. Cells were co-stained with either anti-vimentin, anti-ZO-1, and DAPI (left) or anti-E-cadherin, anti-Claudin 7, and DAPI (right). Scale = 50 μm. Total fluorescence of each marker in b MDA-MB-231, d Hs578t, f SUM159, or h MCF7 cells of each marker from 5 images per replicate, across 3 biological replicates was normalized to DAPI intensity and compared to control (no-adipocyte) cultures. Image analysis performed using imageJ. Significance determined using Kruskal-Wallis test on ranks compared to control. All statistical tests were performed using R v3.3 via R studio with P<0.05 as significance cutoffs *P<0.05, error = mean ± SD. Scale = 50 μm. This figure was taken from Pallegar et al.22. 

Figure 4: The Use of Non-Malignant MCF10A Cells in Three-Dimensional Co-Culture Across a Basement Membrane. Representative images of MCF10A cells co-cultured with 3T3-L1 adipocytes and ECM gel and fluorescently labelled for a the epithelial marker E-cadherin and DAPI or b the mesenchymal marker vimentin and DAPI. MCF10A cells were grown in DMEM/F12 media containing 20 ng/mL EGF, 0.5 mg/mL hydrocortisone, 10 μg/mL insulin, 5% Horse Serum, and 1% penicillin-streptomycin (10000 U/mL) and stained with CFSE prior to overlaying on ECM gel. Scale bar = 50 μm, n=3.

Figure 5: Cell Viability and Total Cells Extracted from 3D Co-Culture of 3T3-L1 and MDA-MB-231 Cells. a Individual value plot of % viability of cells within a single-cell suspension extracted from 3D co-culture across 3 biological replicates. Cell suspension (5 mL) was diluted 1:1 with Trypan Blue and counted using a hemocytometer. Viability indicates the proportion of cells not stained with Trypan Blue. Error bars = Mean + SEM. b Individual value plot of total cell count within a single-cell suspension extracted from 3D co-culture across 3 biological replicates. Cell count indicates the number of viable cells expected to be in suspension by multiplying the total cells by the % viability. Error bars = Mean + SEM

DISCUSSION: 
The lack of complex cell–cell interactions in traditional cell culture highlights the need for improved organ and tissue models to more accurately study drug responses and disease progression in vivo. The development of 3D co-culture systems has contributed to filling this gap by allowing study of the consequences of cell-cell interactions without a need for in vivo studies9,12. However, many of these methods can be mechanically complex, requiring significant resources, time and technical experience, to set up10,12. Our protocol, in contrast, utilizes standardized laboratory techniques with minimal specific technical experience required. As well, the required materials for this protocol are more generally applicable and are likely to be useful outside this method. 

Key to this protocol is the separation of the two cell types by a physical barrier that is also a biologically relevant, 3D matrix. The matrix provides structural support and a variety of growth signals while favouring indirect cell-cell interactions9. Many such matrices are available with varying protein composition and matrix stiffness. Choosing a suitable matrix for a proposed experiment is crucial in achieving strong and relevant results. For this protocol, we aimed to recapitulate an environment like what might be seen as breast cancer cells migrate into tissues separated from adipocytes by a basement membrane14, 17. 

We opted to represent the use of this protocol with adipocytes and breast cancer due to established interactions in monolayer (transwell) co-culture. In monolayer co-culture with adipocytes, breast cancer cells undergo an epithelial-to-mesenchymal transition (EMT)18. The reversal from EMT to MET of breast cancer cells between monolayer co-culture and our 3D co-culture method support the notion that monolayer cell culture is an incomplete approximation of an in vivo environment. Moreover, we adapted the protocol to assess effects of adipocytes on the non-cancerous MCF10A cell line. We observed that MCF10A cells undergo an apparent EMT based on decreased E-cadherin and increased vimentin expression along with concurrent changes in cell morphology. This is the opposite of what was previously observed in cancerous cell lines16. This demonstrates the potential for this method to be useful in understanding cell-cell interactions beyond the breast cancer-adipocyte axis. These observations are cell line specific and are not dependent on the methodology itself.  The full extent of this protocol’s applicability to a wider variety of cell types remains unknown. It is possible that a given combination of cell lines or primary cells may be unsuitable for use with this method which can only be determined by preliminary testing and optimization. As noted in the protocol, there are a few key steps which require optimization for different cell types. Of the utmost importance is the choice of co-culture growth medium. The co-culture medium must provide a suitable environment for both cell types. To avoid using suboptimal media, use live/dead staining on individual monolayer cultures of each cell type after 5 days of growth in a potential media. 

Similar 3D co-culture methods to this one have been reported, which use extracellular matrices to separate two cell types within the same culture dish19, 20. These methods require embedding both cells in distinct matrices to achieve separation, increasing overall complexity19, 20. The decreased complexity of our protocol makes accommodating different cell types easier in comparison, as there are fewer variables that need to be adjusted. However, there are important factors that must be optimized depending on the desired experimental setup. Both viability and morphology of cells in 3D cultures can be negatively affected by cell seeding density and matrix stiffness21. Cell seeding density can be  optimized prior to experimentation with live/dead staining of 3D cultures seeded at different densities. Matrix stiffness is markedly more difficult to control as it varies lot-to-lot. As mentioned, it is critical to bulk purchase single lots of ECM gel after ensuring that a particular lot does not interfere with cell viability or morphology. In addition, the medium used must be compatible with both cell types. Unfortunately, the design of this system prohibits the use of non-adherent or weakly adherent cells and is only recommended for use with adherent cells.

Extraction of cells from within co-culture has been outlined previously in the context of spheroidal co-cultures22. In spheroid co-cultures, a period between extraction and analysis is required22. In contrast, with this protocol cells are extracted and analyzed on the same day. The high viability and number of extracted cells are suitable for a variety of downstream applications including flow cytometry and bulk or single cell RNA-seq. It is possible to separate the different cell types once extracted using fluorescence-activated flow cytometry, but relatively low cell yields may prove problematic and so must first be optimized.

This protocol includes a no-adipocyte control and conditioned media control, intended to demonstrate the signalling mediator is secreted by adipocytes within the 3D co-culture system. Depending on the nature of study, other controls may be necessary with the use of this method. 2D co-culture controls may be required to investigate the differences in cell-cell interactions between a 2D and 3D environment. These can involve both indirect co-cultures, using a culture transwell insert, or direct co-cultures. While outside of this protocols scope, there are a variety of rigorous protocols for performing these co-culture techniques that have been previously documented23, 24.

Limitations:

The static nature of this model limits its application to simpler environments and does not permit the study of more complex in vivo scenarios such as intravasation, which may require active shear forces25. Moreover, the “sandwich” construction prevents direct cell-to-cell contact and, thus, is optimized for investigations into the effects of paracrine signalling across a biological membrane. As such, it is not recommended to use this protocol for any experiments designed to investigate the effects of direct cell-cell contact.

The use of a biologically derived gel may not be appropriate for all experiments based on this method. Careful consideration should be given to whether the inherent limitations of biologically derived gels will interfere with experimental results. Any complex, biologically derived ECM gel suffers from high lot-to-lot variability. Both protein concentration and composition are inconsistent between lots which may lead to differences in cell behaviour26. To avoid this limitation, it is important to test individual lots of ECM gel within the experimental system to ensure there is no negative effect on cell behaviour. Then, once it is verified that a single lot is suitable, it is advised to purchase from that same lot for a particular study. Synthetic alternatives to biologically derived gels, such as a collagen or laminin hydrogels, are available and offer greater control over matrix composition. However, these come with their own difficulties as these synthetic scaffolds lack a diverse profile of signaling molecules, which must be added by the end-user, adding complexity to experimental design27. Notably, synthetic alternatives can be useful for studying the effects of specific matrix components, which is not possible with this method because the ECM gel composition cannot be modified. Thus, the protocol described here is ideal for disease progression or morphological studies, where cell-ECM signaling plays a major role28, 29.

Troubleshooting:

Detachment of the gel layer is a common issue that leads to major setbacks if it is not avoided. Once detached, the co-culture is no longer suitable for observation and the whole experiment is considered a failure. To avoid detachment, it is imperative that all handling, media changes, and wash steps are performed gently as to prevent mechanical stresses. Vacuum aspiration is not recommended in any step, as the pressure difference can cause sufficient stress to the gel layer to detach it. Should detachment continue to be an issue even without vacuum aspiration, a simple fix is to use daily half media changes during co-culture as opposed to a full media change every two days.
Detachment can also occur frequently during fixation. The choice to preserve co-cultures for immunostaining using 2% PFA as opposed to the more standardized 4% concentration stems from a need to preserve both the matrix and any cell-matrix interactions. However, It is well established that PFA disrupts matrix integrity by cross-linking matrix proteins, potentially altering the co-culture environment30. In addition, PFA causes rapid depolymerization of Matrigel which leads to loss of cells during subsequent steps. Therefore, we chose to use the minimum concentration of PFA sufficient to preserve cellular structures31. Should the use of PFA still lead to issues maintaining matrix integrity, it is possible to fix with a 12% glutaraldehyde solution. Of note, this will require a more rigorous quenching step using NaBH₄. However, NaBH₄ can release gas bubbles that may become trapped in the matrix and reduce image quality. To avoid this, use minimal to no agitation during these quenching steps. In addition to preserving matrix integrity during fixation, it is essential to use gentle pipettingand handling technique during media changes and subsequent wash steps post-fixation. Failure to do so may result in detachment of ECM gel or complete loss of sample. It may be helpful to pipette in half-volumes (i.e. instead of pipetting 500 µL of PBS-Glycine wash solution directly to cultures in step 2.1.3, pipette 250 µL twice) to provide better control over the flow rate of the liquids.

An uneven pipetting of gel can lead to poorer image quality and a lack of complete separation between cell types. To prevent this, after pouring the gel the co-culture vessel can be gently tapped against a sterile surface to smooth out the gel. In addition, ensure that no more than 50 µL of media remains in the culture wells before adding ECM gel. Too much leftover media and the gel will adhere to the corners and walls of the vessel.
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