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SUMMARY:
Experimental methods to harvest adult stem cells from canine intestinal and hepatic tissues to establish 3D organoid cultures are described. Furthermore, the laboratory techniques to ensure consistent growth and provide standard operating procedures to harvest, biobank, and revive canine intestinal and hepatic organoid cultures are discussed.

ABSTRACT:
Dogs develop complex multifactorial diseases analogous to humans, including inflammatory diseases, metabolic diseases, and cancer. Therefore, they represent relevant large animal models with the translational potential to human medicine. Organoids are 3-dimensional (3D), self-assembled structures derived from stem cells that mimic the microanatomy and physiology of their organ of origin. These translational in vitro models can be used for drug permeability and discovery applications, toxicology assessment, and to provide a mechanistic understanding of the pathophysiology of multifactorial chronic diseases. Furthermore, canine organoids can enhance the lives of companion dogs, providing input in various areas of veterinary research and facilitating personalized treatment applications in veterinary medicine. A small group of donors can create a biobank of organoid samples, reducing the need for continuous tissue harvesting, as organoid cell lines can be sub-cultured indefinitely. Herein, three protocols that focus on the culture of intestinal and hepatic canine organoids derived from adult stem cells are presented. The Canine Organoid Isolation Protocol outlines methods to process tissue and embedding of the cell isolate in a supportive matrix (solubilized extracellular membrane matrix). The Canine Organoid Maintenance Protocol describes organoid growth and maintenance, including cleaning and passaging along with appropriate timing for expansion. The Organoid Harvesting and Biobanking Protocol describes ways to extract, freeze, and preserve organoids for further analysis.

INTRODUCTION:
Rodents are the most commonly utilized animal model for biomedical and translational research1. They are exceptionally useful for investigating basic molecular pathogenesis of the diseases, although their clinical relevance for chronic multifactorial diseases has recently been questioned2. The canine model exhibits several advantages in comparison to rodents3,4. Dogs and humans share similarities in metabolomics and intestinal microbiome that developed due to consumption of human diet throughout various periods of their domestication5–7. Similarities between canine and human gastrointestinal anatomy and physiology is another of the examples8.

[bookmark: _30j0zll]Additionally, dogs often share similar environments and lifestyles with their owners9. The longer lifespan of dogs in comparison to rodents allows for the natural development of numerous chronic conditions10. Inflammatory bowel disease or metabolic syndrome are examples of multifactorial chronic diseases that share important similarities between humans and dogs11,12. Canine preclinical trials that involve dogs with naturally occurring diseases can generate more reliable data than those gained from rodent models13. However, to minimize the use of live animal research and comply with the principles of the 3Rs (Reduce, Refine, Replace)14, alternatives to in vivo testing using 3D in vitro canine organoids have emerged15.

Organoids are self-assembled 3D stem cell-derived structures that recapitulate the physiology and microanatomy of their original organs16,17. This technology was first described by Sato et al. in 200917 and allowed for more translatable in vitro studies in epithelial cell lines than were previously possible using 2D cancer cell cultures18–20. Organoids are useful in vitro models in many biomedical disciplines such as in preclinical toxicological21–23, absorption24–28, or metabolism studies, as well as in personalized medical approaches29–31. The successful culture of canine intestinal organoids has been described for the first time in 201912, while hepatic organoids derived from a dog were first reported by Nantasanti et al. in 201532. Canine organoids have since been successfully used in studies investigating canine chronic enteropathies, gastrointestinal stromal tumors, colorectal adenocarcinoma12, and Wilson’s Disease33,34.

While adult stem cells can be harvested via necropsies, the organoid technology does not always require sacrificing of the animals. Endoscopic and laparoscopic biopsies, or even fine-needle aspirates of organs35, are a viable source of adult stem cells for epithelial organoid isolation12. Widespread use of such non-invasive techniques in veterinary practice facilitates options for reverse translational research (translation of information from veterinary clinical practice to human clinical practice and vice versa)15. Further advancement of organoid technology can be ensured by the standardization of organoid culture and maintenance methods. The organoid protocol presented here is partially based on previously published work of Saxena et al. from 201536, and methods were adapted to fit specifics of canine intestinal and hepatic organoid culture. The overall workflow of the canine organoid protocols is depicted in Figure 1.

Canine Organoid Isolation Protocol introduces methods of obtaining samples from endoscopic, laparoscopic, and surgical biopsies, as well as necropsies. It outlines the initial pre-treatment of tissue samples and methodologies used for transport to the laboratory. Materials and reagents needed for organoid isolation are summarized in the ‘Preparation for Isolation’ section. The process of adult stem cell isolation from tissue samples is further described in detail. Finally, the process of plating organoids into dome-like structures using a solubilized extracellular membrane matrix is discussed.

The second protocol, Canine Organoid Maintenance Protocol, describes methods of documenting and culturing organoids. Media changes and their frequency are discussed in this section. Furthermore, the laboratory procedures such as passaging and cleaning the cell cultures, which are essential to ensure the successful maintenance of 3D canine organoids, are described. Appropriate passaging is a critical step of the protocol, and possible adjustments and troubleshooting of this step are discussed further in the manuscript.

The last protocol is Canine Organoid Harvesting and Biobanking Protocol containing methods for preparing full-grown organoids for paraffin-embedding and RNA preservation. Methods of biobanking organoid samples in liquid nitrogen storage are also described here. Finally, the ways to thaw frozen samples and support their growth are discussed.

In conclusion, this article aims to provide consistent canine organoid culture procedures through the standardization of inter-laboratory protocols. In doing so, the manuscript aims to facilitate the reproducibility of data derived from canine organoid models to increase their relevance in translational biomedical research.

[Insert Figure 1 here]

PROTOCOLS:
The research was approved and performed in compliance with the Institutional Animal Care and Use Committee of Iowa State University (IACUC-19-337; IACUC-18-065; IACUC-19-017).

NOTE: The following section (steps 1–3) describes the Canine Organoid Isolation Protocol.

1. Preparation for isolation

1.1. Transport tubes: Before organoid isolation (typically 24 h prior), fill a 50 mL conical tube with 10 mL of Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (Advanced DMEM/F12) enriched with 0.2 mL of Pen Strep.

1.2. For laparoscopic, incisional, or excisional biopsies, prepare three additional 50 mL conical tubes. Fill these tubes with 10 mL of complete chelating solution (1x CCS; see Table 1).

NOTE: For step 1.2, 2 mM N-Acetylcysteine (NAC) in Phosphate Buffered Saline (PBS) can also be used as a traditional solution used for stem cell harvesting. There were no differences observed when using 1x CCS or NAC in PBS. Both solutions are added to release cells in the solution.

1.3. Keep the tubes at 4 °C overnight and transport the tubes on ice for the remainder of the protocol.

1.4. Prepare five 15 mL centrifuge tubes with 5 mL of 1x CCS, one 15 mL centrifuge tube with 3 mL of 1x CCS, one empty 15 mL centrifuge tube (supernatant tube), and one 15 mL centrifuge tube with 5 mL of 1x CCS and 2 mL of fetal bovine serum (FBS).

NOTE: The above can be prepared prior to the day of isolation if multiple samples will be processed. For illustration, see the isolation tube layout in Figure 2.

1.5. On the day of isolation, prepare a Petri dish, scalpel, ice bucket, and cold Advanced DMEM/F12 in the biosafety cabinet. Place the required number of 24-well cell culture plates in the incubator (37 °C; 5% CO2 atmosphere) to pre-warm.

1.6. Place solubilized extracellular membrane matrix (ECM; see Table of Materials) on ice to begin thawing.

NOTE: Submersion in ice protects against rapid thawing and helps avoid solidification. A box of pipette tips can be placed in the freezer to assist in plating the solubilized ECM.

1.7. Prechill a centrifuge to 4 °C.

1.8. Move Complete media with growth factors “CMGF+” or “organoid media” (see Table 1 for composition) from the freezer/refrigerator to a 37 °C water bath. Avoid direct light exposure when possible.

[Insert Figure 2 here]

2. Tissue harvesting

2.1. Intestinal endoscopic, and laparoscopic biopsies (diameter 2.8 mm) can be acquired using large biopsy forceps. Harvest at least eight endoscopic samples per intestinal site.

2.2. Collect samples directly into transport tubes and place them on ice.

2.3. For surgical biopsies and necropsies, harvest tissue pieces with a size of 0.5 cm x 0.5 cm and place them in the first 1x CCS tube.

NOTE: For intestinal biopsies, remove any remaining intestinal content and scrape the mucosal layer with a scalpel to remove villi. If samples are plentiful, additional biopsies can be collected in cryovials containing RNA storage reagent (1 mL) or paraffin-embedded for future comparison between organoids and their tissue of origin. In the case of taking biopsies for TEM analysis, do not scrape the villi and store sample in preservative (3% paraformaldehyde and 3% glutaraldehyde in phosphate-buffered saline (PBS)) and store at 4 °C.

2.4. Shake the 1x CCS tube vigorously for ~30 s, and then transfer the sample to a new 1x CCS tube using forceps. Repeat this process twice.

2.5. Transfer the sample from the last 1x CCS tube to the transport tube (Advanced DMEM/F12 + Pen Strep) and bring the sample back to the laboratory.

NOTE: Samples pre-treated this way can also be shipped overnight on ice (do not ship on dry ice).

3. Organoid isolation

NOTE: Perform isolation using aseptic techniques in a biosafety cabinet. See Figure 3 for canine organoid isolation workflow.

3.1. Shake tissue sample in the transport tube for ~30 s and remove excessive supernatant until there is 0.5 mL left in the tube by slow pipetting near the fluid surface. Be sure not to discard any tissue.

3.2. Transfer tissue and remaining supernatant to a sterile Petri dish. Using a disposable scalpel (or sterilized forceps and scissors), cut and mince the tissue into smaller pieces (size of 1 mm2) resembling a mash consistency for approximately 5 min.

3.3. Pipet the minced tissue with liquid from the Petri dish to the first CCS tube. Add 2 mL of Advanced DMEM/F12 to the Petri dish, flush the remaining tissue, and transfer to the first CCS tube.

3.4. Vortex the 1x CCS tube for 5 s approximately five times. Allow biopsies to settle to the bottom of the 15 mL tube (approximately 1 min) and remove the supernatant until there is 5 mL left in the tube. Transfer the 1x CCS from the new tube to the sample tube.

3.5. Repeat the previous step for the next two tubes. On the final two washes, remove the supernatant down to 3 mL remaining in the tube.

3.6. Transfer the biopsies and 1x CCS from the sample tube to one well of a 6-well plate. Then, add 3 mL of 1x CCS to the sample tube, gently swirl to collect any remaining tissue, and transfer to the same well of the plate.

3.7. Add 150 µL of 0.5 M EDTA (to achieve a total volume of 6.15 mL in a well). Place the 6-well plate on a 20°, 24-rpm nutating mixer/rocker at 4 °C. Incubate the liver samples for 10 min and the intestinal samples for 1 h on the moving rocker.

3.8. Transport the 6-well plate back to the biosafety cabinet. Transfer minced tissue and liquid to a 1x CCS/FBS tube and allow the tissues to settle. Transport the supernatant (this portion now includes free stem cells) and approximately 0.2 mL of the upper portion of the tissue to the empty tube.

[bookmark: _1fob9te][bookmark: _Hlk83737352]3.9. Spin down the tube containing the sample (700 x g for 5 min at 4 °C). Stem cells are now pelleted along with the minced tissue. Remove and discard the supernatant carefully to not disturb the pellet.

3.10. Resuspend the pellet in Advanced DMEM/F12 and spin the tube again (700 x g for 5 min at 4 °C). Aspirate the supernatant and do not disturb the pellet.

3.11. Calculate the volume of solubilized ECM needed for seeding the dissociated cells and tissue. Use 30 µL of solubilized ECM per well of a 24-well plate to achieve proper seeding density. Embed a sample post isolation in 4 to 6 wells of a 24-well plate (i.e., based on the amount of minced tissue in the sample).

3.11.1 Add the calculated volume of solubilized ECM to the sample tube and slowly pipette up and down to avoid the formation of bubbles. Seed the suspension in the middle of the wells so that the solubilized ECM can form a dome-like structure.

NOTE: Using pipette tips from a -20 °C freezer assists in plating solubilized ECM. If tissue chunks are larger than the P200 pipette tip, use wide cold tips or cut cold P1000 tips to assist in plating. Keep the sample with the solubilized ECM on ice whenever possible.

3.12. Transport the plate to an incubator (37 °C; 5% CO2 atmosphere) and allow the solubilized ECM to solidify for ~30 min.

[bookmark: _3znysh7][bookmark: _Hlk84606354]3.13. Mix ROCK inhibitor and GSK3β in CMGF+ (concentrations in Table 1). Add 500 µL of this solution (CMGF+ R/G) to every well. Place the plate in the incubator (37 °C; 5% CO2 atmosphere).

[Insert Figure 3 here]
 
NOTE: The following section (steps 4 and 5) describes the Canine Organoid Maintenance Protocol. Change media according to Table 2 and check the organoids daily for signs of apoptosis, contamination, overcrowding, and detachment of solubilized ECM. Daily notes must be taken according to Figure 4 to accurately monitor conditions and experimental effects on the cultures. See Supplementary Table 1 for a template allowing for accurate and reproducible organoid culture-related notetaking. For hepatic organoids, use CMGF+ enhanced with ROCK inhibitor and GSK3β.

[Insert Figure 4 here]

[Insert Table 2 here]

4. Organoid cleaning

NOTE: Organoid cleaning or passaging must be performed regularly to upkeep the health of the organoid culture. Perform the cleaning procedure whenever apoptosis in the culture, presence of debris, overcrowding of the organoids, or detachment of solubilized ECM is noticed. Refer to Figure 4D.

4.1. Remove the media from the wells while tilting the plate to avoid destruction of the solubilized ECM.

NOTE: If solubilized ECM detachment is considerable, it is advised to transfer the media to the 15 mL tube to avoid losing fragments of solubilized ECM containing the sample.

4.2. Add 0.5 mL of prechilled Advanced DMEM/F12 to each well to dissolve the matrix domes by repeated pipetting using a P1000 tip (avoid creating excessive bubbles). Transfer the organoid-containing dissolved matrix to a 15 mL centrifuge tube. Keep the tube on ice and if the volume is lower than 6 mL, slowly fill the tube with Advanced DMEM/F12 to reach a total volume of 6 mL.

4.3. Spin the tube (700 x g for 5 min at 4 °C) and remove all the supernatant while making sure not to disturb the pellet.

4.4. Add the required volume of solubilized ECM (30 μL per well to achieve proper seeding density) and slowly resuspend the pellet by pipette mixing. Plate the suspension in the middle of the 24-well plate to form a dome.

4.5. Place the plate in an incubator (37 °C; 5% CO2 atmosphere) for ~30 min, and then add the appropriate volume of media (Table 2).

5. Organoid passaging

NOTE: Passaging is typically performed 5–7 days after initial culture to expand the organoid cell line. Organoid cultures can typically be expanded in a 1:3 ratio. Images of healthy cultures ready for passage can be seen in Figure 4. Organoids have to be at least medium in size.

5.1. Perform steps 4.1 to 4.3.

5.2. Remove the supernatant leaving 0.5 mL in the tube. Make sure not to disturb the pellet.

5.3. Add 0.5 mL of trypsin-like protease (see Table of Materials), mix properly by aspirating with a pipette and incubate in the 37 °C water bath (incubate intestinal organoids for 8 min or hepatic organoids for 10 min). Continue to mix the solution by flicking the tube several times at the half-time point of the incubation.

5.4. Move the tube containing the sample back to a biosafety cabinet and slowly add 6 mL of prechilled Advanced DMEM/F12 to inactivate trypsin-like protease and stop the dissociation of the cells.

5.5. Spin the tube (700 x g for 5 min at 4 °C) and remove the supernatant. Make sure not to disturb the pellet.

5.6. Perform steps 4.4. and 4.5.

NOTE: The following section (steps 6–9) describes Organoid Harvesting and Biobanking Protocol. Organoid cultures have to be free of tissue that has been removed during previous passages. Cultures should also be healthy, at least large in size, and medium to high in density. Images of healthy cultures ready for downstream applications can be seen in Figure 4. Moving downstream with preservation and harvesting of sub-optimal organoid cultures can negatively impact characterization results and the biobank’s viability. Review the recommended 24-well plate layout in Figure 5.

[Insert Figure 5 here]

6. Fixation of organoids

6.1. Remove media from the well and make sure not to disturb the solubilized ECM dome.

6.2. Add 500 μL of Formalin-Acetic Acid-Alcohol solution serving as a fixative (FAA; composition in Table 1).

6.3. Store organoids at room temperature. After 24 h, aspirate FAA and fill the well with 70% ethanol. Wrap plates with a laboratory flexible film tape (see Table of Materials) to avoid rapid evaporation. The organoids are now ready for paraffin-embedding. The paraffin-embedding of the organoid culture is performed in traditional metal base molds.

7. RNA preservation

7.1. Remove media from the wells and make sure not to disturb the solubilized ECM dome.

7.2. Use 0.5 mL of prechilled Advanced DMEM/F12 per well to dissolve solubilized ECM domes by repeatedly pipetting up and down (avoid creating excessive bubbles). Transfer the organoids to a 15 mL centrifuge tube. Keep the tube on ice and if the volume is lower than 6 mL, slowly fill the tube with Advanced DMEM/F12 to reach 6 mL of total volume.

7.3. Spin the tube (700 x g for 5 min at 4 °C) and remove all the supernatant. Make sure not to disturb the pellet.

7.4. Add 100 μL of PBS to the sample tube and resuspend the pellet by gentle pipetting. Transfer the contents of the sample tube to a cryovial.

7.5. Add 900 μL of RNA storage reagent (see Table of Materials) to the sample tube and mix to collect any remaining organoids. Transfer these residual organoids to the cryovial and store them at -80 °C (typically four wells pooled to one cryovial will be sufficient for downstream applications, including qPCR and RNA sequencing).

NOTE: One cryovial typically produces a total of 4,000 ng of RNA (measured via spectrophotometer analysis).

8. Organoid biobanking

NOTE: Biobanking usually occurs 3–4 days after passage. The signs of apoptosis should not be present in the culture to perform this method. Refer to Figure 4 for referencing size and density appropriate for freezing. Biobank medium to extra-large organoids at medium to very high densities. An emergency freeze step can be followed if an organoid cell line is especially rare or further viability is not guaranteed. Follow the same steps for normal organoid biobanking (steps 8.1 to 8.4). Emergency freezing is done with smaller and less dense cultures. Pool as many wells of growing organoids into one cryovial following steps 8.1 to 8.4. Keep in mind that a sufficient number of organoids must be kept alive in an attempt to expand the culture (emergency freezing is simply a backup procedure to protect against possible loss of culture via contamination or other unexpected occurrences).

8.1. Follow steps 7.1 to 7.3.

8.2. Add 1 mL of freezing media per cryovial (composition in Table 1) to the sample tube and gently resuspend the pellet by pipetting up and down.

8.3. Transfer 1 mL of the solution to one cryovial (ratio of two wells/cryovial) and keep the cryovials on ice.

8.4. Transfer the cryovials from ice to a freezing container (regularly refill the reservoir with isopropanol) and immediately transfer to -80 °C. Move the samples to liquid nitrogen (-196 °C) for long-term storage after 24 h.

NOTE: An alcohol-free cell freezing container can also be used instead of a traditional one. Make sure the samples do not thaw during transport from the -80 °C to the long-term liquid nitrogen storage. Repeated thawing decreases the viability of the cell culture.

9. Revival from liquid nitrogen storage

NOTE: When choosing to thaw an organoid line, a subset of the revived organoids must be refrozen and replaced in the biobank as quickly as possible with at least one (preferably more) cryovials.

9.1. Place solubilized ECM on ice to slowly thaw, put a 24-well plate in the incubator (37 °C; 5% CO2 atmosphere), and prepare the required reagents such as a 15 mL tube and Advanced DMEM/F12.

9.2. Recover a cryovial containing an organoid sample from liquid nitrogen storage and immediately transfer it to a heat bath (37 °C) for 2 min.

9.3. Transfer contents of the cryovial to a 15 mL centrifuge tube in a biosafety cabinet. Slowly add prechilled Advanced DMEM/F12 to reach a total volume of 6 mL.

9.4. Spin the tube (700 x g for 5 min at 4 °C). Remove the supernatant and make sure not to disturb the pellet.

9.5. Add 180 μL (30 μL per well) of solubilized ECM to the pellet and plate this suspension in the pre-heated 24-well plate. One cryovial can be plated to six wells of a 24-well plate.

9.6. Place the 24-well plate in the incubator (37 °C; 5% CO2 atmosphere) for ~30 min and add CMGF+ R/G (for intestinal organoids, switch to CMGF+ in 24 to 48 h).

NOTE: When a sample is plated and growing in the 24-well plate, it must be allowed to recover for at least 2 days before passaging to increase viability.

REPRESENTATIVE RESULTS:
The canine organoid protocol typically generates ~50,000 to ~150,000 intestinal or hepatic cells per well of a 24-well plate. Representative organoids can be seen in Figure 6.

[Insert Figure 6]

Enteroids and colonoids derived using this protocol were characterized previously by Chandra et al. in 201912. Canine intestinal organoids are composed of a regular cellular population of the intestinal epithelium. Using RNA in situ hybridization, the expression of stem cell biomarkers (Leucine-Rich Repeat Containing G Protein-Coupled Receptor 5 - LGR5 and SRY-Box Transcription Factor 9 - SOX9), Paneth Cell Biomarker (Ephrin type-B receptor 2 - EPHB2), absorptive epithelial cell markers (Alkaline phosphatase - ALP) and enteroendocrine marker (Neurogenin-3 - Neuro G3)12 was confirmed. Alcian Blue staining was performed on paraffin-embedded slides to confirm the presence of Goblet cells. Additionally, functional assays such as optical metabolic imaging (OMI) or cystic fibrosis transmembrane conductance regulator (CFTR) swelling assay were performed to confirm the metabolic activity of the organoids. Canine organoids from dogs diagnosed with inflammatory bowel disease, gastrointestinal stromal tumors (GIST), or colorectal adenocarcinoma were also isolated using this protocol12.

After stem cell isolation, hepatic canine organoids start their life cycle as expanding spheroids, and after ~7 days, they turn into budding and differentiating organoids. Canine hepatic spheroids isolated and cultured according to this protocol were measured to quantify their growth and determine the ideal time for passage. Spheroids derived from laparoscopic hepatic biopsies of healthy adult dogs (n = 7) were measured during their first 7 days of culture. Representative images were taken, and the longitudinal (a) and diagonal (b) radius of the spheroids (n = 845) was measured throughout the culture. The volume (V), surface area (P), 2D ellipse area (A), and circumference (C) of the spheroids were calculated. The calculations and results of the experiment are summarized in Figure 7. 2D ellipse area and circumference were used to assess the organoid culture’s health using light microscopy. These values can serve as a guide for culture maintenance decisions.

Briefly, spheroids rapidly expanded in volume, surface area, 2D ellipse area, and circumference. The measurement data from the seven beagles was averaged for the following calculations. The volume increased by 479% (±6%) from day 2 to 3. At the same timepoint, spheroid surface area and 2D ellipse area increased by 211% (±208%) and 209% (±198%), respectively. 2D ellipse circumference increased from day 2 to 3 by 73% (±57%). The increase in the overall volume of hepatic organoids from days 2–7 was more than 365 times, surface area and 2D ellipse area increased 49 times, and 2D ellipse circumference increased six times.

Next, spheroids derived from two adult canine samples were further grown post passage and collected every day (day 2–7) for RNA in situ hybridization (RNA ISH). Canine probes were designed (probe list is provided as Supplementary Table 2), and mRNA expression was evaluated for stem cell markers (LGR5), markers specific for cholangiocytes (cytokeratin 7 - KRT-7, and aquaporin 1 – AQP1), as well as hepatocyte markers (forkhead box protein A1 - FOXA1; and cytochrome P450 3A12 - CYP3A12). The expression of the markers was assessed in a semi-quantitative manner (representative pictures in Figure 8). Spheroids preferentially expressed the cholangiocyte marker KRT-7 ranging from 1% to 26% in signal area/total area of cells. AQP1 was not expressed in the organoid samples, arguably because its presence in canine hepatic samples is sparse. The stem cell marker expression (LGR5) ranged between 0.17% to 0.78%, while hepatocyte markers were expressed to a lower extent at 0.05%–0.34% for FOXA1 and 0.03%–0.28% for CYP3A12.

[Insert Figure 7 here]

Organoids would rarely not break up during the passaging process following this standardized technique. If dissociation does not occur, passage times can be adjusted to achieve optimal cell cluster disintegration. However, prolonged exposure to trypsin-like protease can negatively impact the growth of the organoids. Hepatic organoids were used in a subsequent experiment to investigate the optimal dissociation time and establish a proper passaging method. Briefly, hepatic organoids from two healthy dogs (6 well replicates each) were passaged with trypsin-like protease for 12 min and 24 min. Samples were agitated every 6 min. At the end of the dissociation timepoint, 6 mL of ice-cold Advanced DMEM/F12 was added to the solution, and samples were spun (700 x g for 5 min at 4 °C). The supernatant (Advanced DMEM/F12 with diluted trypsin-like protease) was removed, and the pellets were embedded in solubilized ECM as described above (steps 4.4–4.5). After 12 h of culture in solubilized ECM and CMGF+ R/G, differences were observed in both samples. A 12 min incubation with trypsin-like protease did not inhibit organoid growth. However, the growth of organoids was negatively impacted (see Figure 9) using a 24 min incubation.

[Insert Figure 9 here]

Next, the investigation into the survivability of canine hepatic organoids derived from this protocol in an unfavorable environment (deprivation of structural support and nutrition) was performed. The investigation focused on determining the volume of organoid media and basement matrix needed for hepatic organoid’s successful growth and survival and also establishing such conditions' influence on the organoid culture. Survivability was measured in a 96-well plate with a limited number of organoids. Organoids from two dogs were passaged as described above and embedded (12 replicates) in different volumes of solubilized ECM (10 μL or 15 μL). The cells were plated in a concentration of 400 cells/10 μL well and 600 cells/15 μL well corresponding to 40,000 cells/mL. Two media types (CMGF+, or CMGF+ R/G) were added in different volumes (25 μL, 30 μL, or 35 μL). The media was never changed, and no maintenance procedures were performed. The survivability of the organoids was monitored every day. Organoid death was defined as the dissolution of more than 50% of organoid structures. The survival rate of organoids in these conditions ranged from 12.9 (±2.3) days to 18 (±1.5) days, and the results are summarized in Table 3. The two samples that survived the longest were organoids derived from dogs embedded in 15 μL of solubilized ECM and 30 μL of CMGF+ media. Both samples were embedded in solubilized ECM (30 μL) and fresh media (500 μL) in a standard 24-well plate after 18 days of deprivation to ensure organoid expansion was still possible (Figure 10).

[Insert Table 3 here]

[Insert Figure 10 here]

FIGURE AND TABLE LEGENDS:
Figure 1: Workflow of canine organoid protocols. The Canine Organoid Isolation Protocol describes the preparation of the materials needed for organoid isolation, the harvesting of a tissue sample (through the means of necropsies, endoscopic, laparoscopic, and surgical biopsies), and guidance on cell dissociation and plating of the cellular population. The Canine Organoid Maintenance Protocol discusses cleaning and passaging of the organoid culture. The Organoid Harvesting and Biobanking Protocol discusses the preparation of organoid samples for paraffin-embedding and further organoid characterization. Methods to biobank organoid cultures and reviving them from storage in liquid nitrogen are also discussed.

Figure 2: Isolation tube layout. Recommended setup for tissue harvesting includes 10 mL of Advanced DMEM/F12 and 0.2 mL of Pen Strep in a 50 mL centrifuge tube. Additionally, three 50 mL tubes filled with 10 mL of 1x CCS are required for surgical biopsies or necropsies. Recommended tube layout for isolation steps includes five tubes containing 5 mL of 1x CCS to be used during CCS wash steps. The first tube is used as a sample tube containing the minced tissue, and the remaining tubes serve as reservoirs of 1x CCS to be added to the first tube. The sixth tube contains 3 mL of 1x CCS for flushing the remaining tissue from the sample tube when transferring to a 6-well plate. These six tubes will be used before the EDTA incubation step. A tube with 5 mL of 1x CCS and 2 mL of FBS serves as a sample tube after EDTA incubation, and supernatant from this tube is transferred with stem cells into an empty tube for the rest of the isolation. Keep tubes at 4 °C before beginning isolation.

Figure 3: Canine organoid isolation workflow. The harvested tissue sample is transferred to a Petri dish and minced properly. The sample is then transferred to a 1x CCS tube, and wash steps are performed. For the EDTA incubation in a 6-well plate, the sample is then transferred to a tube containing 1x CCS and FBS. After the tissue settles, the supernatant with a small amount of tissue is transferred to an empty tube. The sample is consequently spun, the supernatant is removed, and the pellet is resuspended in Advanced DMEM/F12. The tube is spun again, and the supernatant is aspirated and discarded. Solubilized ECM is added to the tube, mixed, and the sample is plated in a 24-well plate. The plate is consequently incubated (37 °C; 5% CO2 atmosphere) for 30 min, and media is then added.

Figure 4: Organoid sizing and density guide. (A) Organoid size chart for accurate tracking of organoid growth. The Sizing Guide includes extra-small (XS), small (S), medium (M), large (L), and extra-large (XL) categories. (B) The Density Guide consists of very low density (VLD), low density (LD), medium density (MD), high density (HD), and very high density categories (VHD). (C) Representative images of bacterial and fungal contamination of the organoid sample. (D) Representative images of organoid overcrowding and apoptosis. The objective magnification is indicated in every panel.

Figure 5: Recommended 24-well plate layout. The recommended layout of the 24-well plate for basic characterization after expansion of the organoid culture. Paraffin-embedding of six wells (medium to large organoids of medium to high density) will typically allow for a high concentration of organoids in a histology block. Four wells of organoids can be pooled to one cryovial with RNA storage reagent for downstream applications. Fourteen wells are used for biobanking the organoid samples and provide material for up to seven cryopreserved vials.

Figure 6: Representative images of canine organoids. Images of organoids isolated using this protocol are depicted. (A,B) Intestinal organoids derived from the duodenum (taken at 10x and 5x objective magnification). Note the presence of older budded organoids and younger spheroids. (C,D) Canine enteroids from the lower portion of the jejunum (taken at 10x and 20x objective magnification). (E,F) Ileal enteroids (taken at 20x and 5x objective magnification), and (G,H) colonoids (taken at 10x objective magnification). (I) A representative image of hepatic organoids taken at 20x objective magnification. Most of the organoids are in their budding form. Younger hepatic spheroids can also be seen in the picture. (J) Representative image showing a rare hepatic organoid that forms a duct-like structure (taken at 10x objective magnification). Scale bar (500 μm) is present at the top-left corner of each image.

Figure 7: Hepatic spheroid measurements. (A) Hepatic spheroid growth was observed every day of cultures from day 2–7. Spheroids first formed on day 2, and the last spheroids started the budding process on day 7. A subsequent experiment used two canine organoid lines after passage to harvest spheroids every day for paraffin-embedding to perform RNA ISH (day 2 image was taken at 40x, day 6 image at 10x, and the rest of the images were taken at 20x magnification). (B) A hepatic spheroid cluster is shown attached to a tissue chunk embedded in solubilized ECM 4 days after isolation. Longitudinal and diagonal radii of the spheroids were measured (image taken at 10x). Panel (C) depicts the formula used for calculations to derive volume (V), surface area (P), 2D ellipse area (A), and circumference (C). For these calculations, it was presumed that canine hepatic spheroids are ideal spheroids. Results of measurements of hepatic spheroids’ volume, surface area, 2D ellipse area, and 2D ellipse circumference for individual days of growth are depicted in panel (D). Error bars represent the standard error of the mean (SEM). (E) mRNA expression of KRT-7, LGR5, FOXA1, and CYP3A12 were measured in samples of canine hepatic spheroids after passage of day 2 to day 7. AQP1 was not expressed in these samples. A scale bar (5x: 500 μm; 10x: 200 μm; 20x: 100 μm; 40x: 50 μm) is present at the top left of each image. Objective magnification noted.

Figure 8: Hepatic spheroids RNA in situ hybridization representative images. Representative images of LGR5, KRT7, FOXA1, and CYP3A12 markers were taken at 60x objective magnification of samples from day 2–7 post passage. Day 2 image of the LGR5 marker has been taken at 40x objective magnification. Positive mRNA molecules stain red. AQP1 was not expressed in the samples.

Figure 9: Canine hepatic organoid passage experiment. Representative images of organoids derived from two dogs (D_1 and D_2) passaged using the trypsin-like protease incubation method for 12 min or 24 min. Control samples were passaged with trypsin-like protease for 10 min. A scale bar (μm) is present at the top left of each image and represents 500 μm (5x objective magnification).

Figure 10: Organoids nutritional and structural deprivation. Organoids were replated in 24-well plates to confirm the ability for expansion post-deprivation (A). Representative images from day 4 and day 7 after the replating show the expansion of the organoids, confirming the ability to identify viable organoids visually (images are taken at 5x objective magnification). Representative images of organoids considered alive, or dead are seen in (B). Images are taken at 5x objective magnification.

Table 1: Composition of solutions and media. A list of components and concentrations of incomplete and complete chelating solutions, CMGF+ (organoid media), freezing media, and FAA.

Table 2: Media change recommendation. A recommended timeline of weekly media change. Media (500 μL of CMGF+ for intestinal organoids, or 500 μL of CMGF+ R/G for hepatic organoids) is recommended to be changed every other day. To account for the extra hours on a weekend, 750 μL of media is added on Friday afternoons, with media being refreshed on Monday mornings.

Table 3: Survivability experiment results. The experiment was based on deprivation of structural support or nutrition of two organoid cultures. The results include the mean, median, and standard deviation (CV%) of individual concentrations of solubilized ECM and media in individual dogs.

Supplementary Table 1: Organoid care template. This template allows for accurate and reproducible organoid notetaking for each day.

Supplementary Table 2: RNA in situ hybridization probes. List of probes specifically designed for canine mRNA targets by a manufacturer of the technology to perform RNA in situ hybridization technique. Information on the significance of individual markers, the name of a probe, its reference number, and target region are listed.

DISCUSSION:
There is currently a lack of standardized protocols available for the isolation and maintenance of canine hepatic and intestinal organoids. Establishing standard operating procedures for organoid cultures is warranted for this model to be applicable in different laboratory settings. Specifically, providing standardized operating protocols for the culture of these canine organoid models is key to characterizing organoids' normal growth during culture and passaging to derive optimal timepoints for expansion and maintenance. Canine intestinal organoids cultured using the protocol have been previously characterized by Chandra et al.12.

One of the most critical steps of the protocol is the passaging of organoids. The optimal time for the first passage of hepatic spheroids was determined to be on day 7 after isolation based on the hepatic spheroid measurements. The maximum volume of spheroids was achieved by day 7, and at the same time, spheroids began to bud and formed hepatic organoids. The increase in overall organoid volume from day 2–7 after isolation was more than 365 times, suggesting the optimal passage time is longer than the canine intestinal organoid culture. After 7 days in culture, no gross signs of cellular apoptosis in the hepatic spheroid were observed, even without cleaning or passaging (Figure 7). Passaging the intestinal and hepatic organoids can be challenging as the procedure can lead to the loss of cells and altered viability. The results indicate that prolonged incubation of hepatic organoids with trypsin-like protease (up to 12 min) does not negatively influence the subculture. Incubating the organoids in trypsin-like protease for longer than 24 min can be detrimental to the subsequent subculture of the organoids.

In case of suboptimal breakage in the cell clusters with the organoid passage, mechanical dissociation instead of prolonged incubation with trypsin-like protease might be more beneficial. If problems are encountered with proper dissociation of the organoids, brief vortexing of the samples may be attempted to enhance the passage yield. On the other hand, vortexing has the potential to ruin a culture and damage cells, so it should only be used when other procedures have failed repeatedly. Breaking hepatic organoids into single cells lowers the growth rate of the organoids, while breaking them into clusters of cells can greatly improve their viability. Ten minutes was chosen as the incubation time for the organoid protocol. A 12 min incubation timepoint was deemed not cytotoxic compared to a 24 min incubation in the trypsin-like protease experiment.

The survivability experiment confirmed that canine hepatic organoids could survive for up to 19.5 days in unfavorable conditions (structural and nutritional depletion). Organoids that survived these conditions the longest were cultured with CMGF+ media. This observation might have been caused by the slower growth of hepatic organoids in media not supplemented with Rock inhibitor and GSK3β. Organoid cultures with CMGF+ R/G grew faster and may have depleted their resources faster. This experiment opens possibilities of miniaturizing the canine organoid culture to achieve a high-throughput system conversion. Such a technology shows the potential to facilitate drug discovery or toxicology studies at a substantially reduced cost.

Some common problems encountered during canine organoid culture maintenance are improper sample solidification when plating, culture contamination, and establishing the proper density and size of the organoids. If solubilized ECM solidifies prematurely during plating, immediately place it on ice for 10 min. If solubilized ECM does not form dome-like structures, it is likely that not enough media was removed from the sample. If this is the case, dilute the sample with a more solubilized ECM until domes form.

When fungal or bacterial contamination is found in an entire plate (see Figure 4), the best solution is to discard the plate. Treatment with antifungal or antibiotic drugs can be attempted, but the success of such an attempt is extremely low. If a single well is contaminated in a plate, viable and unaffected wells can be cleaned (follow steps 4.1 to 4.5) to a new plate and monitored closely. If the sample has already been Emergency Frozen, it is advisable to discard the entire sample, as thawing the sample exposes the incubator to additional contamination risk.

Healthy organoid culture should be at least in the medium size and medium density category or larger. Optimal density is crucial for organoid culture growth. Lower density must be corrected by cleaning the organoids to medium density. If the situation of extreme density occurs (overcrowding), the organoids should be expanded to more wells. Gross signs of cellular apoptosis often accompany both overcrowding and low density of the organoid culture. If these issues are not corrected in time, the whole organoid culture will turn apoptotic in a matter of days. If organoids achieve extra large size or very high density, the culture should be used for an experiment, freezing, or fixation.

The organoid media currently contains 17 components, and the addition of growth factors needed for organoid maintenance and expansion can therefore be expensive. This problem can be solved by growing 2D cell cultures that synthesize the growth factors to produce conditioned CMGF+. Cell culture L-WRN produces Wnt-3a, R-Spondin-3, and Noggin growth factors37. The cell colony uses 90% DMEM/F12 and 10% FBS culture media. When the culture achieves 90 percent confluency, media is harvested every day for 1 week. The harvested media is then mixed with 2x CMGF+ (without these growth factors). While 2D cultures can produce the needed growth factors at a fraction of the cost, the added time and preparation to produce the media must be expected. Concentrations of growth factors between conditioned media batches can also differ37,38.

Canine adult stem-cell-derived organoid cultures are a unique biomedical model that can help achieve the goals of the One Health Initiative39. The organoid technology can be used in many basic and biomedical research areas, spanning from developmental biology, pathophysiology, drug discovery and testing, toxicology to the study of infectious diseases and regenerative medicine40. Translational and reverse translational research are both areas where canine organoids are applicable15. Dogs have been used for centuries in translational experimental settings, and their companion animal status has also facilitated their position as one of the most explored species in veterinary medicine.

In conclusion, this manuscript provides standardized operating protocols for isolation, maintenance, harvesting, and biobanking of canine hepatic and intestinal organoids to facilitate the application of this model in various biomedical fields. This model is uniquely suitable to promote reverse translational research as a tool of the One Health Initiative to promote the inter and intradisciplinary sharing of knowledge.
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