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SHORT ABSTRACT:
The protocol presents a method for culturing and processing lingual organoids derived from taste stem cells isolated from the posterior taste papilla of adult mice.

LONG ABSTRACT:
The sense of taste is mediated by taste buds on the tongue, which are composed of rapidly renewing taste receptor cells (TRCs). This continual turnover is powered by local progenitor cells and renders taste function prone to disruption by a multitude of medical treatments, which in turn severely impacts the quality of life. Thus, studying this process in the context of drug treatment is vital to understanding if and how taste progenitor function and TRC production are affected. Given the ethical concerns and limited availability of human taste tissue, mouse models, which have a taste system similar to humans, are commonly used. Compared to in vivo methods, which are time-consuming, expensive, and not amenable to high throughput studies, murine lingual organoids can enable experiments to be run rapidly with many replicates and fewer mice. Here, previously published protocols have been adapted and a standardized method for generating taste organoids from taste progenitor cells isolated from the circumvallate papilla (CVP) of adult mice is presented. Taste progenitor cells in the CVP express LGR5 and can be isolated via EGFP fluorescence-activated cell sorting (FACS) from mice carrying an Lgr5EGFP-IRES-CreERT2 allele. Sorted cells are plated onto a matrix gel-based 3D culture system and cultured for 12 days. Organoids expand for the first 6 days of the culture period via proliferation and then enter a differentiation phase, during which they generate all three taste cell types along with non-taste epithelial cells. Organoids can be harvested upon maturation at day 12 or at any time during the growth process for RNA expression and immunohistochemical analysis. Standardizing culture methods for production of lingual organoids from adult stem cells will improve reproducibility and advance lingual organoids as a powerful drug screening tool in the fight to help patients experiencing taste dysfunction.

INTRODUCTION:
In rodents, lingual taste buds are housed in fungiform papillae distributed anteriorly, bilateral foliate papillae posteriorly, as well as a single circumvallate papilla (CVP) at the posterodorsal midline of the tongue1. Each taste bud is composed of 50–100 short-lived, rapidly renewing taste receptor cells (TRCs), which include type I glial-like support cells, type II cells that detect sweet, bitter, and umami, and type III cells that detect sour2–4. In the mouse CVP, LGR5+ stem cells along the basal lamina produce all TRC types as well as non-taste epithelial cells5. When renewing the taste lineage, LGR5 daughter cells are first specified as post-mitotic taste precursor cells (type IV cells) that enter a taste bud and are capable of differentiating into any of the three TRC types6. The rapid turnover of TRCs renders the taste system susceptible to disruption by medical treatments, including radiation and certain drug therapies7–13. Thus, studying the taste system in the context of taste stem cell regulation and TRC differentiation is vital for understanding how to mitigate or prevent taste dysfunction.

Mice are a traditional model for in vivo studies in taste science since they have a taste system organized similarly to humans14–16. However, mice are not ideal for high throughput studies, as they are expensive to maintain and time-consuming to work with. To overcome this, in vitro organoid culture methods have been developed in recent years. Taste organoids can be generated from native CVP tissue, a process in which organoids bud off from isolated mouse CVP epithelium cultured ex vivo17. These organoids display a multilayered epithelium consistent with the in vivo taste system. A more efficient way to generate organoids that does not require ex vivo CVP culture was developed by Ren et al. in 201418. Adapting methods and culture media first developed to grow intestinal organoids, they isolated single Lgr5-GFP+ progenitor cells from mouse CVP and plated them in matrix gel19. These single cells generated lingual organoids that proliferate during the first 6 days of culture, begin to differentiate around day 8, and by the end of the culture period contain non-taste epithelial cells and all three TRC types18,20. To date, multiple studies utilizing the lingual organoid model system have been published17,18,20–22; however, methods and culture conditions used to generate these organoids vary across publications (Supplementary Table 1). Thus, these methods have been adjusted and optimized here to present a detailed standardized protocol for the culture of lingual organoids derived from LGR5+ progenitors of adult mouse CVP.

Lingual organoids provide a unique model for studying the cell biological processes driving taste cell development and renewal. As the applications of lingual organoids expand and more labs move toward utilizing in vitro organoid models, it is important that the field strives to develop and adopt standardized protocols to improve reproducibility. Establishing lingual organoids as a standard tool within taste science would enable high throughput studies that tease apart how single stem cells generate the differentiated cells of the adult taste system. Additionally, lingual organoids could be employed to rapidly screen drugs for potential impacts on taste homeostasis, which could then be investigated more thoroughly in animal models. This approach ultimately will enhance efforts to devise therapies that improve the quality of life of future drug recipients.

PROTOCOL:

All the animal procedures were performed in an AAALAC-accredited facility in compliance with the Guide for the Care and Use of Laboratory Animals, Animal Welfare Act, and Public Health Service Policy, and were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Colorado Anschutz Medical Campus. Lgr5EGFP-IRES-CreERT2 mice used in this protocol are from The Jackson Laboratory, Stock No. 008875.

NOTE: The following steps should be completed before beginning to ensure smooth and timely progression of the protocol: set water bath to 37 &#176;C, set centrifuge to 4 &#176;C, make injection and dissociation enzyme solutions from the 10 mg/mL Dispase, Collagenase, and Elastase stock solutions (see Table of Materials), remove matrix gel from -20 &#176;C freezer (~750 &#181;L needed for a 48-well plate) and thaw by submerging the vial in ice for at least 3–4 h, pre-coat microcentrifuge tubes in undiluted FBS by rocking gently at room temperature for at least 30 min (two 2 mL tubes for tissue collection, two 1.5 mL tubes for dissociated cells, and one 1.5 mL tube for collection of single cells from cell sorter; remove excess FBS before use).

1.	Isolation of CVP epithelium

NOTE: To obtain enough LGR5+ cells for a full 48-well plate, collect three Lgr5-EGFP CVPs in the same tube and process simultaneously. Importantly, harvest and process the CVP of at least one wild type littermate in parallel in a separate tube and utilize it as a gating control to set FACS parameters (see Repxtative Rylts).

1.1.	Euthanize the mice with CO2 asphyxiation according to IACUC regulations, followed by an approved secondary method such as bilateral thoracotomy, cervical dislocation, decapitation, or exsanguination.

1.2.	Use large sterile dissection scissors to cut the cheeks and break the jaw. Lift the tongue and cut the lingual frenulum to separate the tongue from the floor of the oral cavity. Cut out the tongue and collect it in sterile ice-cold Dulbecco’s phosphate-buffered saline (dPBS) with Ca2+ and Mg2+.

1.3.	Remove and discard the anterior tongue by cutting just anterior of the intermolar eminence with a razor blade (Figure 1A, dashed line). Use a delicate task wipe to remove any hair and excess liquid from the posterior tongue.

1.4.	Fill 1 mL syringe with 200–300 &#181;L of injection enzyme solution (final concentration: 2 mg/mL type-I Collagenase and 5 mg/mL Dispase II in Ca2+/Mg2+-containing dPBS, diluted from 10 mg/mL stock solutions) and insert a 30 G x ½ needle just above the intermolar eminence (Figure 1B, black arrow) until just anterior of the CVP (Figure 1B, black box). Inject the enzyme solution underneath and at the lateral edges of the CVP between the epithelium and the underlying tissues (lamina propria, muscle). Withdraw the syringe slowly and continuously from the tongue as the injection is performed.

1.5.	Incubate the tongue in sterile Ca2+/Mg2+-free dPBS at room temperature for precisely 33 min.

1.6.	Make small cuts in the epithelium bilaterally and just anterior of the CVP using extra fine dissection scissors, and gently peel the epithelium by lifting it with fine forceps. Once the trench epithelium is free of the underlying connective tissue, place it in an empty 2 mL microcentrifuge tube pre-coated with FBS. Do the epithelial trimming before or after detaching the CVP epithelium (Figure 1C,D).

2.	Dissociation of CVP epithelium

NOTE: Dissociation of the CVP epithelium and plating are represented graphically in Figure 2.

2.1.	Add the dissociation enzyme cocktail (final concentration: 2 mg/mL type-I Collagenase, 2mg/mL Elastase, and 5 mg/mL Dispase II in Ca2+/Mg2+-containing dPBS, diluted from 10 mg/mL stock solutions) to tubes containing peeled CVP epithelia (200 &#181;L per CVP). Incubate in a 37 &#176;C water bath for 45 min. Vortex briefly every 15 min.

NOTE: Prewarm 0.25% Trypsin-EDTA in 37 &#176;C water bath during the last 15 min of enzyme cocktail incubation.

2.2.	Following incubation, vortex (three pulses) then triturate with a glass Pasteur pipette for 1 min. After tissue pieces settle, pipette the supernatant containing first collection of dissociated cells, into new FBS-coated 1.5 mL microcentrifuge tubes corresponding to the genotype. Process the remaining tissue pieces further as described in step 2.3. below.

2.2.1.	Spin the supernatant for 5 min at 370 x g and 4 &#176;C to pellet cells.

2.2.2.	Remove the resulting supernatant and resuspend the cell pellet in Fluorescence-Activated Cell Sorting (FACS) Buffer (1 mM EDTA, 25 mM HEPES (pH 7.0) and 1% FBS in Ca2+/Mg2+-free PBS (50 &#181;L per CVP)). Store on ice.

2.3.	While carrying out steps 2.2.1 and 2.2.2, dissociate the remaining tissue pieces from step 2.2 by adding pre-warmed 0.25% trypsin-EDTA (200 &#181;L per CVP) to the original 2 mL microcentrifuge tubes and incubate in a 37 &#176;C water bath for 30 min. Vortex briefly every 10 min.

2.4.	Following incubation, vortex the tube containing tissue pieces (three pulses) then triturate with a glass Pasteur pipette for 1 min. After tissue pieces settle, pipette the supernatant into the 1.5 mL microcentrifuge tubes containing cells from step 2.2.2. Discard the tubes containing the remaining tissue pieces.

2.4.1.	Spin the tubes with dissociated cells for 5 min at 370 x g and 4 &#176;C to pellet cells.

2.4.2.	Remove the supernatant and resuspend cell pellets in FACS Buffer (100 &#181;L per CVP). Store on ice.

2.5.	Pass the cells through a 30 &#181;m nylon mesh filter and add DAPI (λemission = 450 nm) to cell mixtures prior to FACS. Isolate Lgr5-GFP+ cells via FACS using the green fluorescent protein channel (λexcitation = 488 nm; λemission = 530 nm). Sort the cells using a 100 &#181;m nozzle into a fresh FBS-coated 1.5 mL microcentrifuge tube containing 300 &#181;L of Ca2+/Mg2+ free dPBS. Place the cells on ice until plating.

3.	Plating of Lgr5-EGFP cells

3.1.	Determine the volume of LGR5+ cell suspension received from the flow cytometer.

3.2.	Based on the number of cells obtained from the sorter, calculate the number of cells per &#181;L. Then, determine the volume needed to obtain the desired number of cells for plating (we use 200 cells per well of a 48-well plate) and transfer that total volume of suspended cells into a new microcentrifuge tube.

3.3.	Spin the tube for 5 min at 370 x g and 4 &#176;C to pellet cells (pellet may not be visible). Remove the supernatant and place the tube on ice.

3.4.	Gently resuspend the cell pellet in the appropriate amount of matrix gel (15 &#181;L per well for 48-well plates); pipette up and down gently to thoroughly distribute cells in matrix gel. Place 15 &#181;L of matrix gel/cell mixture in the center of each well. Keep the microcentrifuge tube on ice in a 50 mL conical tube during plating to prevent matrix gel from gelling. Continue to mix matrix gel/cell mixture throughout plating by pipetting up and down every three wells to ensure an even distribution of cells across wells.

3.5.	Place the plate in the incubator (37 &#176;C, 5% CO2, ~95% humidity) for 10 min to allow matrix gel gelling. Then, add 300 &#181;L of room temperature WENRAS + Y27632 media to each well and return the plate to the incubator.

4.	Organoid maintenance

NOTE: Organoids are grown in conventional organoid media (WENR) comprising recombinant EGF and 50% conditioned media containing Wnt3a, Noggin, and R-spondin23. Drugs A8301 and SB202190 are added for the first 6 days of the culture period to optimize growth (WENRAS media) (Figure 5), then removed to promote differentiation (WENR media)20. Y27632 is added for the first 2 days of culture to promote survival. Media conditions relative to the culture timeline are presented in Figure 4.

4.1.	Two days after plating, remove WENRAS + Y27632 media from each well using a 1 mL pipette or via vacuum aspiration, ensuring no cross-contamination between conditions. Add 300 &#181;L of WENRAS media down the side of the well to not disrupt the matrix gel. Return the plate to the incubator.

4.2.	Change the media every 2 days, using the appropriate media for the culture stage (Figure 4). Maintain organoids until day 12, when the organoids are ready to harvest.

5.	RNA processing

5.1.	Harvesting organoids for RNA

5.1.1.	Place a 48-well plate on ice for 30 min to depolymerize the matrix gel.

5.1.2.	Using a 1 mL pipette, pull up the organoid media; then, as the media is returned to the well, use the tip of the pipette to scratch and further break up the matrix gel. Transfer the contents to a 1.5 mL microcentrifuge tube, pooling contents of three wells in one tube. Centrifuge the tubes for 5 min at 300 x g at room temperature.

5.1.3.	Remove as much media supernatant as possible without removing any organoids; then, spin down tubes again for 5 min at 300 x g at room temperature.

5.1.4.	Remove the remaining media and resuspend the organoids in 350 &#181;L lysis buffer + β-mercaptoethanol (βME) (10 &#181;L βME per 1 mL lysis buffer). Place the samples on ice for immediate RNA extraction or store at -80 &#176;C.

5.2.	Quantitative RT-PCR analysis

5.2.1.	Measure RNA quantity via spectrophotometer. Reverse-transcribe RNA using a cDNA Synthesis Kit.

5.2.2.	Mix cDNA equivalent to 5 ng RNA with 200 nM pre-validated forward and reverse primers (Table 1) and fluorescent PCR Master Mix. Run the qRT-PCR reaction for 40 cycles at: 95 &#176;C for 15 s, then 60 &#176;C for 60 s.

6.	Immunohistochemistry

6.1.	Harvesting and fixing the organoids

6.1.1.	Place a 48-well plate on ice for 30 min to loosen the matrix gel.

6.1.2.	Remove the organoid media and add 400 &#181;L of ice-cold PBS to each well. Then, remove PBS and add 400 &#181;L of ice-cold Cell Recovery Solution to each well. Rock gently at 4 &#176;C for 30 min.

6.1.3.	Coat a 1 mL pipet tip with 1% BSA in PBS, and gently pipet contents of the well up and down to break up the matrix gel. Transfer the organoids to a 1.5 mL microcentrifuge tube placed on ice.
 
6.1.4.	Rinse each well with 300 &#181;L PBS + 1% BSA and transfer any remaining organoids to the corresponding tubes. Remove Cell Recovery Solution/PBS + BSA from each tube. Add 400 &#181;L of ice-cold PBS, then repeat with another ice-cold PBS rinse.

6.1.5.	Remove PBS and fix organoids with 300 &#181;L ice-cold 4% PFA (in 0.1 M PB) for 20 min, incubating at room temperature. Remove PFA and rinse organoids with 400 &#181;L ice-cold PBS.
 
6.1.6.	Remove PBS; then, add 400 &#181;L PBS + 1% BSA. Store at 4 &#176;C.

6.2.	Immunofluorescence staining

6.2.1.	Rinse organoids in 500 &#181;L PBS + 1% BSA. Then, incubate organoids in blocking solution (5% normal goat or donkey serum, 1% bovine serum albumin, 0.3% Triton X 100 in 1x PBS pH 7.3) for 2 h, rocking gently at room temperature.

6.2.2.	Add the primary antibody solution (primary antibodies diluted in blocking solution) and rock gently for 3 nights at 4 &#176;C.

6.2.3.	Wash organoids 4x for 1 h with 500 &#181;L PBS + 0.2% Triton, rocking gently at room temperature. Add secondary antibody solution (secondary antibodies diluted in blocking solution) and rock organoids overnight, protected from light, at 4 &#176;C.

6.2.4.	Wash organoids 3x for 1 h with 500 &#181;L PBS + 0.2% Triton, protected from light and rocking gently at room temperature. Incubate with DAPI diluted 1:10,000 in 0.1 M PB for 20 min, rocking and covered at room temperature.

6.2.5.	Wash the organoids 3x for 20 min with 0.1 M PB, rocking gently and covered at room temperature.

6.3.	Slide mounting of organoids for inverted confocal microscopy.

NOTE: Step-by-step pictures of the slide mounting process are shown in Figure 7.

6.3.1.	Create a ~1 mm thick 22 x 22 mm square perimeter of non-toxic modeling clay on a microscope slide.

6.3.2.	Remove 0.1 M PB from microcentrifuge tube, and gently resuspend organoids in 100 &#181;L mounting medium of choice; then, transfer to center of the clay square.

6.3.3.	Fill the clay square until the mounting medium is almost to the top. Then, place 22 x 22 mm square coverslip over clay and press down firmly on the sides of the coverslip to seal. Let it cure according to the manufacturer’s instructions (here, room temperature for 1–2 days) and store at 4 &#176;C.

REPRESENTATIVE RESULTS:
Mice have one CVP, located posteriorly on the tongue, from which LGR5+ stem cells can be isolated (Figure 1A, black box). Injection of an enzyme solution under and around the CVP (Figure 1B) results in slight swelling of the epithelium and digestion of the connective tissue. Sufficient digestion is achieved following a 33 min incubation, which allows easy separation of the CVP epithelium from the underlying tissue. When attempting to peel the CVP epithelium, cuts should be made at a sufficient distance from the CVP to ensure trenches are not disrupted or damaged (Figure 1C). This also enables one to grip the epithelium using forceps without damaging the CVP. Trimming the epithelium surrounding the CVP removes non-target cells and increases the efficiency of the following steps by decreasing the tissue mass being manipulated (Figure 1D). It is important to check that the two trenches (Figure 1C, black arrows) are present before adding CVP epithelium to the microcentrifuge tube; successful peeling of the CVP includes part of the Von Ebner’s glands and ducts (Figure 1D, black arrows). If the peeled epithelium does not contain these two opaque structures, the trench epithelium is most likely ruptured due to incomplete digestion of the connective tissue.

To establish proper FACS settings to collect Lgr5-EGFP cells, cells from dissociated CVPs are separately obtained from wild type and Lgr5-EGFP mice. Wild type CVP cells are analyzed first to establish gating parameters, a process in which populations of cells are categorized within the scatterplot output by characteristics of interest24. Here, four parameters were used to ultimately identify cells for plating. The first parameter, forward scatter, filters out particles and debris based on the detected surface area. This parameter removes ~70% of all detected events during the sort (Figure 3). The width parameter further filters events based on size to ensure selection of single cells (singlets). Approximately 90% of events are singlets (Figure 3). The nuclear marker DAPI is taken up by dead but not live cells and thus allows dead cells to be sorted out25. This protocol optimizes cell viability, as over 90% of events are live cells (Figure 3). Lastly, GFP gating parameters are set above the autofluorescence level of wild type cells. Wild type cells are not collected; they are used solely as a gating control for GFP fluorescence. With gating parameters determined from the wild type sample, cells from the Lgr5-EGFP sample are then run through the flow cytometer to be sorted for collection. Gates can be adjusted at the beginning of the Lgr5-EGFP sort to accommodate clear clustering of certain cell populations but should not be significantly changed mid-sort. It was found that the dissociation of three pooled Lgr5-EGFP CVPs yields ~500,000 cells, including an average of 10,000 GFP+ cells.

Proper media and culture conditions are vital for optimal growth and differentiation of organoids. Previous studies utilizing lingual organoids modeled their media components after those from the intestinal organoid field, including Wnt3a, EGF, Noggin, and R-spondin17–22. However, when lingual organoids are cultured using a similar method (WENR media), organoids do not grow efficiently (Figure 5A). In human intestinal organoids, drugs A8301 (a TGFß signaling inhibitor) and SB202190 (a p38 MAPKinase signaling inhibitor) are used to promote organoid growth26. Indeed, adding these inhibitors (WENRAS media) induces robust growth of lingual organoids (Figure 5A). Interestingly, removing these inhibitors from the media after 6 days results in higher expression of general TRC marker Kcnq1, suggesting A8301 and SB202190 hinder taste cell differentiation (Figure 5B). Thus, optimal growth and differentiation are obtained by culturing organoids in WENRAS media from days 0–6 and WENR media from days 6–12 (Figure 4, Figure 5), respectively.

Organoid cell type composition can be characterized by qRT-PCR or immunohistochemistry. Mature organoids contain both taste cells, marked by Kcnq1 and KRT8, and non-taste epithelial cells, marked by Krt13/KRT13 (Figure 6, 8A). This suggests isolated LGR5+ cells have a similar potency in vitro as they do in vivo since, in the adult tongue, Lgr5-GFP+ cells produce both taste and non-taste lineages5. Further, Krt13 is expressed at higher levels than all 3 TRC markers (Figure 6), suggesting organoids are predominately composed of non-taste epithelial cells. In fact, relative quantification of gene expression27 indicates Krt13 is expressed 50x higher than general TRC marker Kcnq1 (Student’s t-test, p = 0.0004). This is expected, as the tongue has a similar proportion of taste versus non-taste epithelium1. Organoids express all three TRC types (Figure 6, 8B,C). Type I cells (marked by Entpd2) and bitter type II cells (marked by Gnat3) are highly expressed in taste organoids, while sour sensing type III cells (marked by Car4) are less common (Figure 6). TRCs are randomly distributed in organoids (Figure 8) rather than in discrete taste bud structures observed in vivo.

Figure 1: Dissected tongue and peeled CVP epithelium. (A) The tongue is dissected out, and the anterior tongue is removed by cutting just anterior of the intermolar eminence (dashed line), leaving the posterior tongue, which includes the CVP (black box) (B) A needle is inserted just anterior to the intermolar eminence (black arrow), and enzyme mixture is injected below and to the lateral edges of the CVP (black box). (C) Untrimmed peeled epithelium surrounding the CVP trenches (black arrows) and (D) trimmed peeled CVP epithelium. Von Ebner’s glands and ducts (D, black arrows) are visible after successful peeling of the trenches. Scale bar: 1 mm.

Figure 2: Workflow of lingual organoid generation. The tongue is removed from Lgr5-EGFP mice. The CVP trench epithelia (red box) are peeled from the underlying connective tissue and dissociated into single cells. GFP+ cells are isolated and plated in matrix gel at a density of 200 cells per well in a 48-well plate.

Figure 3: Gating for Fluorescence-Activated Cell Sorting. (A) The control (wild type CVP cells) run determines the FACS gates that eliminate debris and broken cells via forward scatter, identifies singlets via side scatter width, separates DAPIneg live from DAPI+ dead cells, and establishes the autofluorescence level of wild type cells. (B) Previously determined gates are applied to the experimental run (Lgr5-EGFP-IRES-CreERT2 CVP cells) to isolate debris-free, single, live, Lgr5-EGFP+ cells.

Figure 4: Lingual organoid culture timeline and required media. Rock inhibitor Y27632 is added to the media for the first 48 h of culture to promote cell survival. During the proliferation phase, organoids are fed conditioned medium containing A8301 and SB202190 (WENRAS) to optimize growth. These drugs are withheld from media (WENR) starting at day 6 to promote differentiation.

Figure 5: Drugs A8301 and SB202190 affect organoid growth and differentiation. (A) Brightfield images of organoids grown in either WENR media (day 0–12), WENRAS media (day 0–12), or WENRAS (day 0–6), then WENR (day 6–12). Images were captured at day 2, day 6, and day 12 of culture using live imaging software. Scale bar: 400 &#181;m (B) Relative gene expression of a global TRC marker Kcnq1 is significantly reduced when drugs A8301 and SB202190 are present during organoid differentiation. Each point represents one biological replicate, which included three pooled wells. Mean change in relative gene expression (horizontal line) was calculated by averaging three biological replicates. Error bars: &#177;SD.

Figure 6: Lingual organoids express canonical taste cell markers. Change in cycle threshold (Ct) value of global TRC marker Kcnq1, non-taste epithelial marker cytokeratin 13 (Krt13), type I TRC marker Entpd2, type II bitter TRC marker Gnat3, and type III sour TRC marker Car4, compared to housekeeping gene Rpl19. Each point represents one biological replicate, which included three pooled wells from a 48-well plate. Mean change in Ct value (horizontal line) for each marker was calculated by averaging three biological replicates. Unpaired Student’s t-test, *p < 0.05. Error bars: &#177; SD.

Figure 7: Mounting of lingual organoids for inverted confocal microscopy. (A) An ~1 mm thick string of non-toxic modeling clay is created. (B) The clay is sculpted as an ~20 mm x 20 mm square in the center of a 24 mm x 75 mm microscope slide. (C) A 22 mm x 22 mm square coverslip seals organoids suspended in mounting medium. Scale bar: 10 mm.

Figure 8: Immunolabeling of intact lingual organoids. Confocal images of fixed, immunostained organoids. (A) Optical section of an organoid stained for non-taste epithelial marker KRT13 (green) and general TRC marker KRT8 (magenta). (B) Maximum projection of a confocal z-stack of one organoid stained for type I glial-like cell marker NTPDase2 (green) and KRT8 (magenta). (C) Maximum projection of a confocal z-stack of two partially shown organoids (white-dashed outlines) and one complete organoid stained for type III sour detecting cell marker CAR4 (green), and bitter detecting type II cell marker GUSTDUCIN (magenta). Scale bar: 100 &#181;m for A, B, and C. Nuclear marker DAPI (blue, right column).

Table 1: Primer sequences used for quantitative RT-PCR.

Supplementary Table 1: Comparison of published lingual organoid culture media components.

DISCUSSION:
Reported here is an efficient and readily repeatable method for culturing, maintaining, and processing lingual organoids derived from adult mouse taste stem cells. It was found that using three CVPs from 8 to 20-week-old Lgr5-EGFP mice is sufficient to obtain ~10,000 GFP+ cells for experimental use, resulting in 50 wells plated at a density of 200 cells per well in 48-well plates. Removal of CVP trench epithelia is optimized by injecting the lingual epithelium with freshly made Dispase II and type-I Collagenase solution, followed by a 33 min incubation. However, a shorter incubation time, old enzyme aliquots, different lots, or using enzymes from different manufacturers can result in incomplete trench removal. Conversely, a longer incubation time causes over-digestion of the tissue, resulting in loss of taste tissue integrity. Following peeling, further enrichment for CVP trenches was done by trimming away the epithelium surrounding the CVP.

It is critical that all microcentrifuge tubes used during the dissociation and collection process are coated with FBS to prevent tissue and cells from sticking to the plastic walls of the tubes, which significantly reduces recovery of isolated cells (data not shown). Using a light coat of FBS and removing excess liquid from the tubes prior to use minimizes possible inhibitory effects on Trypsin or other enzymes.

Lingual organoids have been grown successfully from dissociated CVP tissue without prior sorting of LGR5+ cells17. Although this method results in the formation of organoids, we have found that a smaller proportion of these organoids contain taste cells compared to those grown from isolated progenitors (data not shown). Flow sorting for Lgr5-EGFP+ cells enriches for taste-competent progenitors, resulting in a higher proportion of taste-replete organoids. Currently, we collect all cells above the threshold of GFP autofluorescence (Figure 3); however, it is possible that GFP brightness levels are associated with variable organoid forming efficiency or taste competency. This hypothesis has not yet been tested but is a promising avenue for future work as it could allow further enrichment of taste cell-containing organoids.

It is well known that plating density affects the efficiency of organoid differentiation, and we recommend that optimal plating density be determined prior to experimentation28. Size and depth of the wells, as well as matrix gel volume, should be considered when establishing plating density. Based on our preliminary work (data not shown), we find that in a 48-well plate, 15 &#181;L of matrix gel and a plating density of 200 cells per well allows efficient organoid expansion and differentiation of all three TRC types. We have found that lingual organoids can be cultured successfully and reproducibly in Reduced Growth Factor Basement Membrane Extract (RGF BME), a synthetic and less expensive matrix gel alternative. Other alternative matrices may also support lingual organoid culture, but further testing is required to investigate this possibility.

During plating, collected cells should be thoroughly but gently resuspended in matrix gel by frequently pipetting up and down to keep the cell suspension homogeneous. The tube containing the cell-matrix gel mixture should also be kept on ice during the entire plating process to prevent matrix gel from gelling on the sides of the tube. These measures ensure an even distribution of cells across wells, yielding more reproducible results when hand-plating cells. Notably, recent developments in microfluidic technologies provide high throughput options for cell dispensing and is a promising tool for future work29.

To assess gene expression in cultured organoids, it was found to be necessary to pool at least three wells for each biological replicate to obtain sufficient RNA and consistency across replicates (Figure 6). It was also determined that immediately lysing harvested organoids according to specific manufacturer’s instructions optimizes the quality and quantity of extracted RNA. While not tested here, other storage options such as flash-freezing or resuspension in storage reagents may also preserve RNA yield and quality.

Performing immunohistochemistry on organoids can be challenging, as primary and secondary antibodies must penetrate any residual matrix gel and the entire organoid epithelium. In previous reports, organoids were fixed while still suspended in matrix gel, which subsequently required extremely high concentrations of primary antibody solution to reveal protein expression17,18. Similar to other reports, removing organoids from matrix gel using Cell Recovery Solution prior to fixation was found to increase the efficiency of staining without the need for a high antibody concentration30,31; however, the detection of some taste cell markers, e.g., CAR4, requires a higher concentration of antibody. Further, incubating organoids in primary antisera for 3 nights increases the probability of antibody binding. However, this method may also increase background fluorescence if organoids are insufficiently washed following immunostaining. Importantly, diluted primary antibody solution can be saved and successfully re-used one or more times if stored for less than a week (data not shown). For optimal imaging, organoids are mounted by placing a coverslip on top of a clay perimeter of modeling clay to preserve their 3D structure. Placing the cover glass directly on the slide compresses and breaks organoids, preventing proper analysis.

Organoid culture is a highly applicable, cost-efficient technique. Some applications include, but are not limited to, disease modeling and drug screening and the study of stem cell and developmental biology32. Therefore, it is crucial to standardize organoid models to allow reproducibility across laboratories. In the future, it would be useful to develop a standardized method for passaging lingual organoids that guarantees that taste stem cell potency can be propagated over serial passages, thereby reducing the need for additional animals to generate more organoids. Importantly, while lingual organoids are composed of both taste and non-taste epithelial cells, the organization of these cells differs compared to the in vivo taste system. Discrepancies between organoids and taste epithelium in vivo may be due to the media used for organoid culture and/or because organoids lack interaction with the taste bud microenvironment, including important signals from gustatory nerves and the lamina propria that are required for taste bud formation and maintenance22,33–35. Future work to incorporate nerves or vasculature into lingual organoid culture, a strategy currently being adopted in other organoid systems, could allow more accurate modeling of the in vivo taste epithelium36,37.
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