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Organoids have already shown great promise as research tools in human medicine. However, in veterinary medicine, such applications are limited and largely confined to canine organoids. In the Cross Health context, the potential of canine organoids lies in the translation to human diseases, such as cancer. This review provides a state-of-the-art, highlights the current challenges, and at first compares the reported culture conditions of canine organoids derived from both non-neoplastic and neoplastic tissue (i.e., tumoroids), identifying substantial gaps and discrepancies in used culture methods. We make a plea for the standardization of canine organoid culture characteristics and increased rigor in parameter reporting, which will ultimately enhance the reproducibility and applicability of canine organoids in both veterinary and human medicine, especially in the oncology field.
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1 Introduction

Cell cultures are an essential intermediate step to study the biology and development of disease in an organism (1). These in vitro models typically rely on 2D cell lines. Interestingly, the past decade, regenerative medicine studies increasingly reported the use of stem cells to create 3D miniature organs in culture, so called “organoids” (2–6). There are four key stem cell types that can be used to generate organoids: embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), adult stem cells (ASCs) and cancer stem cells (CSCs) (1, 2, 7). ESCs are pluripotent and therefore able to differentiate into any desirable body cell type, but their neonatal isolation comes with ethical constraints (8). As a pluripotent alternative, iPSCs rely on a set of transcription factors for their conversion from adult somatic cells such as fibroblasts (8, 9). Both ESCs and iPSCs can generate complex organoids with mesenchymal, epithelial and even endothelial structures, but rarely reach adult tissue stage (2, 8). To this end, multipotent ASCs that differentiate into distinct epithelial cell types for tissue repair and can generate adult tissue organoids, are recommendable when studying adult tissue biology and disease (2, 8). CSCs, a term often used interchangeably with tumor-initiating cells and representing a small subpopulation of (A)SCs that drive tumor growth in vivo, can be directly used from tumor resections or biopsies to generate so called “tumoroids” (2).

Overall, organoids better mimic the cell type composition, architecture and, to a certain extent, functionality of differentiated tissues than classical cell lines (1–6). As a result, a superior representation of both healthy and pathological conditions in the living organism is obtained (1–6). The current applications of organoids are fourfold, i.e., (1) studying organogenesis and homeostasis, (2) progressing regenerative medicine, (3) disease modeling, and (4) pharmacological and therapeutic parameter testing (2, 5). These main applications were initially confined to human organoids, which are not readily accessible due to tissue availability and ethical constraints (10, 11). In view of the Cross Health concept, which aims to catalyze the translation of research findings between species, dogs as veterinary patients could serve as an excellent alternative model for human patients and offer a more accessible source of viable cells to establish organoids (12–14). Indeed, companion dogs and humans are susceptible to similar diseases due to their similarities in genetic, anatomical and physiological features, as well as their exposure to comparable environmental and nutritional factors (15–21). They are often also treated similarly as human patients by means of surgical interventions or comparable use of drugs with adjusted dosing based on body weight. These arguments collectively highlight dogs as more relevant translational mammalian models for studying diseases compared to the frequently used rodent models (15–21).

The current review provides an overview of the history and evolution that defined the field of organoid research, and summarizes the reported non-neoplastic and neoplastic tissues from which respectively canine organoids and tumoroids have been derived. It also describes their human translation potential.

To define the culture conditions for each type of canine organoid and tumoroid, and identify similarities as well as discrepancies between reported culture parameters, we performed a meta-analysis of 41 original papers published between 1940 and 2023. Of these papers, 28 and 11 were either organoid- or tumoroid-oriented, respectively, and the 2 remaining papers focussed on both organoids and tumoroids, classifying in total 14 and 7 types of canine tumoroids. Of note, 3 papers report multiple types of organoids or tumoroids.



2 Review


2.1 Historical evolution of human and veterinary organoid and tumoroid research

Over the past decades, the concept of organoids has gained popularity within human and, albeit to a far lesser extent, in veterinary medicine. Organ regeneration studies served as the foundation for organoid research and can be traced back to as early as 1907 (22–25). The term “organoid” eventually appeared at first in a 1946 case report on cystic organoid teratoma in a 2-month-old infant, and is referred to as “being similar to an organ” (26). The increasing interest in organoid research over the past decades can be illustrated through a literature search in PubMed (Figure 1). An early transient spike in published reports on organoids can be observed between 1965 and 1990, which could be explained by the rising interest in organ development and regeneration (2). Moreover, in 1989, Barcellos-Hoff et al. succeeded in the formation of 3D-structured alveoli by cultivating primary mammary cells on a reconstituted basement membrane, which can be regarded as a precursor of an engineered organoid (27). However, between 1990 and 2010, a drop in the number of organoid-oriented publications occurred, potentially as the result of economic events such as the Fall of the Berlin Wall in 1989, inducing a lack of financial resources for novel research strategies (2). The resumed popularity of organoids since 2010 has been linked to the research groups of Clevers and Sasai, following their high impact publications in 2009 and 2011, respectively, on specific stem cell subtypes (28, 29). These research groups eventually shaped the current definition of organoids. The establishment of the first veterinary organoids in 2009 and subsequent awareness of the numerous benefits of organoids resulted in a rising interest for this research tool, especially in cancer research (Figure 1). Indeed, tumoroids are currently recognized as a superior alternative to earlier cell culture models with a similar architecture as the native tumor and associated extracellular matrix (ECM) (2, 5, 11, 30–32).
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FIGURE 1
 Evolution in time of the number of organoid/tumoroid-oriented publications based on a PubMed search. This literature search includes papers from 1940 till 2023 upon entering the search term “organoids”, “cancer organoids/tumoroids”, “veterinary organoids”, “veterinary cancer organoids/tumoroids”, “canine organoids” or “canine cancer organoids/tumoroids”. The results are presented on two Y-axes because of the marked discrepancy in publication numbers between the general (left axis), including human, and veterinary (right axis) research data and also indicate the associated differences in the application of the organoid vs. tumoroid nomenclature.




2.2 Types of canine organoids and tumoroids

Canine organoid cell culture models derived from non-neoplastic tissues are more reported than their neoplastic tissue-derived counterparts (Table 1). Moreover, till date, up to 18 different canine organs/organ systems have been explored for their organoid and/or tumoroid development capacity. Each of these culture models has been linked to a tissue-specific disease in dogs, and can also be translated to humans. In this section, we classify all established canine organoids and tumoroids by tissue type and discuss them in order of importance and chronological order, i.e., based on the year that they were first reported.


TABLE 1 Overview of the reported canine organoids and tumoroids in the literature.
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2.2.1 Intestinal system

Canine intestinal organoids, generally derived from leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5)-expressing ASCs in the epithelial crypts from the canine intestinal tract, were one of the first canine organoid models to be established. More specifically, they were initially used in 2009 by Agopian et al. to observe the normal biology of the gastrointestinal system (12, 30), and have become the most reported canine organoids since then (17, 30, 33–43). They have even proven useful to screen therapeutic efficacy against multiple human gastrointestinal diseases (12, 17, 33, 44). Yet, tumoroid cultures from canine intestinal carcinomas have not been thoroughly described in the literature.



2.2.2 Female reproductive system

The female reproductive system comprises the ovaries, oviducts, uterus, vagina and mammary glands (45). Currently, there are no reports on organoids from canine ovarian or vaginal tissue. Canine endometrial organoids derived from ASCs were first reported in 2009 by Stadler et al., and provide an important model for endometrial diseases in both dogs (e.g., cystic endometrial hyperplasia and pyometra) and humans (e.g., endometriosis, a chronic disease in which the inner uterus lining grows outside the uterus) (31, 32, 46, 47).

In 2017, Cocola et al. established both canine mammary organoids from ASCs and tumoroids from CSCs as a model for in vitro drug testing and identifying specific tumor mutations that can predict therapeutic outcome (48). Canine mammary tumoroids have become one of the most often generated tumoroid types (11, 48–50), partly due to their frequent diagnosis in female dogs, accounting for almost 50% of all cancers and >80% of all reproductive tumors (48, 51, 52). In comparison, human breast cancer is the most frequently occurring and deadly cancer in women worldwide, accounting for 25% of all human cancers (48). Indeed, given their similarities regarding age at onset, predominance of carcinomas, environmental risk factors, histological features, prognostic factors, metastatic pattern, and molecular and genetic characteristics, canine mammary tumoroids serve as a translational model for human breast cancer (48, 50, 51, 53).

Canine oviductal epithelial organoids from oviductal PAX8+ ASCs were only recently established in 2023 by Lawson et al. to investigate fertilization and oviductal pathologies (54). However, the canine-specific physiology of the oviductal tissue limits the translational potential of these organoids to other species (54). The authors even showed that porcine, equine and bovine oviductal organoids better resembled human oviducts than canine oviductal epithelial organoids (54). Nevertheless, these latter organoids can still be very useful in studying oviductal biology in canine veterinary medicine, potentially providing insight into evolutionary conserved mechanisms that also occur in humans.



2.2.3 Hepatobiliary system

Canine hepatic organoids established from ASCs in the liver can be used to study multiple liver pathologies, including copper storage disease and portosystemic shunts (37, 47, 55–58). The first canine hepatic organoids were established in 2015 by Nantasanti et al. from dogs with copper metabolism domain containing 1 (COMMD1) deficiency, a genetic defect that results in hepatic copper accumulation (55). More recent studies in 2019 and 2020 by Wu et al. and Kruitwagen et al., respectively, used this model for translational purposes and studying copper storage disease in humans (57, 58). In 2017, Van den Bossche et al. established hepatic organoids from dogs with portosystemic shunts to further understand hepatic lipid accumulation and provide insight into non-alcoholic fatty liver disease, one of the most common human liver disorders (56). Tumoroids of the hepatobiliary system have not been reported yet in the literature (59).



2.2.4 Cardiovascular system

The first canine cardiac organoids have been established in 2015 by Hensley et al. through 3D culturing of ASCs (referred to as cardiosphere-derived cells), creating a heterogenous population of cardiac cells with canine and human healthy heart tissue resemblance (60). Cardiac diseases occur frequently in both human and veterinary medicine (60–63), and dogs are widely used as experimental animal models for the human cardiovascular system (64). Although translational experiments cannot solely rely on canine model systems due to anatomical differences in for example the coronary circulation, canine cardiac organoids can still provide a potential solution to the availability constraints of human heart-forming organoid models (60, 64).



2.2.5 Nervous system

Cerebral organoids are mostly created from e.g., primate species, although their establishment is hampered by ethical constraints (65). Yet, there is potential for translational neuroscience in dogs, given that the canine brain, and more specifically the cortex and frontal lobe, is comparable to the human brain in its basic anatomy (66). Moreover, it has been verified that dogs have memory, experience emotions and could suffer from similar mental illnesses as their human counterparts (66). Canine neurological organoids have currently only been derived from the hippocampus in 2015 by Lowe et al. through isolation of adult neural stem cells, and from the spinal cord in 2021 by Santos et al. through isolation of embryonic neural stem cells from late stage canine fetuses, providing more accessible alternatives to primate cerebral organoids (65, 67).



2.2.6 Male reproductive system

The canine male reproductive system comprises the scrotum, testes, epididymis, deferent ducts, spermatic cords, prostate, penis and urethra (68). There have been no reports so far on canine organoids derived from any part of the healthy male reproductive system. In contrast, canine prostate tumoroids, derived from prostate CSCs that are excreted in urine, were first established in 2017 by Usui et al., and allowed to select the most effective treatment for a specific patient (69). Strikingly, dogs are the only other large mammalian species that can develop spontaneous prostate tumors with similar cellular and stromal constituents as human prostate tumors (69–71). Yet, canine prostate adenocarcinoma are mostly classified as highly invasive and metastatic, whereas prostate tumors in humans are often low grade and slowly progressive (70–72).



2.2.7 Skin

In 2018, Wiener et al. established the first canine keratinocyte organoids from adult hair follicle stem cells, developing a dermatological organoid system for studying non-neoplastic skin disorders (73). In 2021, the organoid culture model was further optimized by the same group (74). Dermatological disorders, such as alopecia, commonly occur in both dogs and humans (73, 74). However, as dermatological organoid systems lack connective tissues, blood vessels and immune cells that are present in normal skin, further optimization is required to allow their clinical application (73–75).

Despite the many types of skin tumors that occur in dogs (76), canine melanoma tumoroids are currently the only type of skin tumoroids that have been established. More specifically, Abugomaa et al. reported their generation from CSCs in 2022, albeit without adding ECM components to the culture media (referred to as a 2.5D organoid culture model) (49). Melanoma is a very aggressive and metastatic tumor that occurs in both dogs and humans (77). Although melanoma presents as a skin cancer in 80% of human patients, it mostly occurs in the oral cavity of canine patients. Of note, melanocytes cannot be solely classified as skin cells, since they also occur in many other locations such as the mouth and lips, inner ear, nervous system, heart, eye and nails (76–78).



2.2.8 Urinary system

Canine bladder organoids were first established from adult bladder basal cells with high stemness in 2022 by Elbadawy et al., shortly followed by Zdyrski et al. (47, 79). In both studies, these organoids served as a “healthy” model system to unravel the mechanisms underlying the neoplastic transformation of the bladder tissue and to identify novel biomarkers in bladder cancer (47, 79). Canine bladder tumoroids were developed earlier than their healthy counterparts, and more specifically in 2019 by Elbadawy et al., as an important model to determine suitable chemotherapy in canine and human patients (80). Besides mammary tumoroids, CSC-derived bladder tumoroids are one of the most reported canine tumoroids (49, 80–83). Bladder cancer is the most common type of neoplasia of the urinary tract in both dogs and humans, comprising 1–2% of all naturally occurring tumors in dogs (79–84). Canine bladder cancer has a poor prognosis and is often diagnosed at a late stage. Consequently, 90% of canine bladder cancer cases are classified as intermediate or high grade muscle invasive urothelial carcinoma, also known as transitional cell carcinoma, strikingly resembling human bladder cancers based on aggressiveness and cellular components (79–84).

The establishment of canine renal organoids from adult kidney epithelial stem cells in 2019 and 2022 by Chen et al. and Zdyrski et al., respectively, was reported as an opportunity to accelerate drug screening and explore applications for regenerative medicine, ultimately providing improved outcome for renal disorders in both dogs and humans (47, 85). To this end, canine renal organoids can become important models for chronic kidney disease, which is suboptimally treated in both species (85, 86). Indeed, treatment for end-stage renal disease in humans solely relies on either kidney transplantation or hemodialysis for long-term survival. In dogs, both treatment options are rarely performed due to ethical constraints and a high morbidity and mortality rate associated with the procedures (86–89).



2.2.9 Endocrine system

The endocrine system consists of multiple tissues, including the pituitary and thyroid gland, that release hormones in the circulation (90). In 2021, although only reported as an abstract that was published in conference proceedings, Sanders et al. established both pituitary organoids and tumoroids to study Cushing's disease progression as observed in humans and to identify novel therapeutic targets (91). Although not explicitly stated, ASCs and CSCs, respectively, displaying expression of SOX2 and SOX9 as general stem cell markers, were likely the starting stem cell type for establishment of these canine pituitary organoids and tumoroids. Cushing's disease, associated with hypercortisolism and multiple co-morbidities, is frequently caused by either adrenal or pituitary adenomas (92, 93). Its prevalence is a thousandfold higher in dogs than in humans, suggesting that a large source of canine samples is available to establish canine tumoroids as translational models (91, 94).

Thyroid cancer accounts for 1–2% of all neoplasms in dogs, with 90% being malignant (95, 96). Compared to humans, canine thyroid cancer has a higher incidence of lung metastasis and is not associated with sex predisposition (97). From all canine thyroid carcinomas, 70% can be classified as follicular and 30% as medullary thyroid carcinoma (95, 96). Although medullary thyroid carcinoma is less invasive and metastatic disease occurs at a slower rate, the prognosis after thyroidectomy is similar for both medullary and follicular thyroid carcinoma (95, 96). The first CSC-derived canine follicular and medullary thyroid carcinoma tumoroids were established in 2021 and 2023, respectively, by Jankovic et al. and Scheemaeker et al., with both studies intending to test therapeutics against thyroid cancer that could benefit dogs and humans (95, 96).



2.2.10 Lung

Canine pulmonary organoids have been described as a suitable model system for human respiratory disorders such as asthma, bronchitis, pneumonia, pulmonary fibrosis, chronic obstructive pulmonary disease and lung cancer (47, 49, 98–100). The first canine pulmonary organoids were established in 2022 and 2023 by Zdyrski et al. and Sato et al., respectively, and relied on the culturing of lung-derived ASCs that matured into alveolar type-2 cells and bronchial epithelial cells (47, 100). Also in 2022 and 2023, Abugomaa et al. and Sato et al., respectively, described the first canine pulmonary tumoroids from CSCs as a model for lung adenocarcinoma (49, 100).



2.2.11 Pancreas

Derived from ASCs in both the endocrine and exocrine parts of the pancreas, canine pancreatic organoids have been established in 2022 by Zdyrski et al. as alternative model to human pancreatic organoids, and to study diabetes and pancreatitis, the most common diseases of the canine exocrine pancreas (47, 101). Canine pancreatic tumoroids as a model for lethal pancreatic cancer in humans have not yet been reported.



2.2.12 Cornea

Canine organoids derived from the adult limbal epithelial stem cells of the cornea, with the typical corneal markers including transformation-related protein 63 (p63) maintained upon culturing, were first reported in 2022 by Bedos et al. to reliably study corneal pathology such as corneal blindness (61, 102, 103). This group of eye disorders that progressively affects the transparency of the cornea, is mostly observed in dogs as a result of chronic superficial keratitis and keratoconjunctivitis sicca (104). In humans, it is mostly caused by infectious disease and predisposing factors, such as the use of contact lenses and steroids (103).



2.2.13 Mesothelium

The mesothelium consists of a monolayer of cells that line the serous cavities, providing a protective surface for the internal organs (105). Currently, there have been no reports on canine organoids from healthy mesothelium. In contrast, canine malignant mesothelioma tumoroids derived from CSCs in pleural effusion were at first established in 2023 by Sato et al. to develop novel treatment options for both dogs and humans (106). Malignant mesothelioma is a rare, aggressive and drug-resistant tumor with similar characteristics in both species (7, 106). However, whereas human malignant mesothelioma is mostly localized in the mesothelial lining of the pleura, canine malignant mesothelioma may also arise from the peritoneum or pericardium (7, 106).




2.3 Culture conditions for canine organoids and tumoroids

The procedure to establish organoids and tumoroids comprises 3 steps, i.e., (1) cell isolation, (2) cell seeding and (3) cell culture (107). To establish a state-of-the-art methodological overview, we analyzed 41 original papers on canine organoids/tumoroids, identifying similarities and differences, as well as significant gaps, in parameter reporting (Supplementary Tables S1, S2).


2.3.1 Cell isolation

The successful generation of organoids and tumoroids highly depends on the starting stem cell type, i.e., ESCs, iPSCs, ASCs or CSCs (1, 2, 108). ASCs and CSCs are most frequently used for the formation of emerging canine organoids and tumoroids, respectively, and are well-documented in the analyzed literature (89% and 94% of canine organoid and tumoroid papers, respectively).

Importantly, the characteristics of these starting stem cell types are typically donor-dependent, influenced by the strain, age, and sex of the dog as well as the location of their retrieval (109, 110). Although the tissue retrieval location is described in detail in most publications, we observed that, in contrast to the tumoroid papers, the majority of the analyzed organoid papers did not consistently report on the other crucial host parameters (i.e., 64% and 19% of canine organoid and tumoroid papers, respectively) (Supplementary Tables S1, S2).

To prepare organoids/tumoroids from a single cell suspension, the desired starting stem cell type needs to be isolated, most commonly from surgery-derived (64% and 56% of canine organoid and tumoroid papers, respectively) and/or necropsy-derived tissue (67% of canine organoid papers) (74). The dissected tissue is then rinsed to remove contaminants and minced to increase the total surface area (111). Several cell wash steps (83% and 69% of canine organoid and tumoroid papers, respectively, with 67% of organoid and 25% of tumoroid papers mentioning the number of wash steps) and enzymatic digestion (42% and 50% of canine organoid and tumoroid papers, respectively) are first performed on the isolated tissue to obtain a stem cell pool (111–113). More specifically, cells are washed with a physiological buffer, such as phosphate buffered saline, to remove metabolic waste, cell debris and other unwanted components, thereby minimizing risk of overgrowth and purifying the sample for downstream analysis (112, 113). The desired starting stem cells are then isolated using a cocktail of proteolytic enzymes, such as collagenase, dispase, hyaluronidase, trypsin and AccuMax™, to break down the ECM (111, 114). Collagenase, reported in 33% and 50% of canine organoid and tumoroid papers, respectively, specifically cleaves the peptide bonds in collagen (111). Dispase, reported in 17% of canine organoid papers, has a high specificity for collagen IV and fibronectin, and cleaves attachments between cells and the ECM (111). Hyaluronidase, reported in 8% and 13% of canine organoid and tumoroid papers, respectively, cleaves the β1,4-glycosidic bonds in hyaluronan, a structural proteoglycan in the ECM (111). Trypsin or TrypLE™ Express, reported in two neurological organoid papers, a paper on canine mammary tumoroids and a paper on canine transitional cell carcinoma tumoroids, cleaves cell-cell junctions (49, 50, 65, 111). A single study by Lawson et al. (2023), focussing on canine oviductal epithelial organoids, describes the use of AccuMax™ (54). This commercially available enzyme cocktail with both proteolytic and deoxyribonuclease activity can serve as a replacement for collagenase or trypsin (54, 114). Compared to other enzymes, AccuMax™ does not contain mammalian- or bacterial-derived products, resulting in a higher cell culture reproducibility (114). AccuMax™ is very similar to Accutase™, containing the same enzymes at a higher concentration (111, 114).



2.3.2 Cell seeding

Successful cell seeding, depending on technical parameters such as the use of specific tubes/plates and the cell seeding density, highly influences the survival rate and reproducibility of the cell culture (115). Despite their importance, 11% of canine organoid papers fail to report the used tube/tube type for their cultures, and even 47% and 81% of canine organoid and tumoroid papers, respectively, do not report the cell seeding density (Supplementary Tables S1, S2).



2.3.3 Cell culture

To establish a 3D cell culture, specialized culture components and characteristics are required to enhance cell viability and proliferation, including the re-incorporation of a controlled ECM, the use of a specific culture medium and a stable pH (1, 2, 24, 116, 117). The pH of cell cultures is set between 7.2 and 7.4, and is highly influenced by the CO2 concentration of the incubator (reported in 67% and 13% of canine organoid and tumoroid papers, respectively) (116–118). The culture medium serves as a source for nutrients and it maintains the correct osmolality (116). It is composed of a basal medium and a number of supplements, both depending on the type of organoid or tumoroid. In the following paragraphs, the cell culture components of the different reported canine organoids (Supplementary Table S1) and tumoroids (Supplementary Table S2) are discussed and compared.


2.3.3.1 Extracellular matrix

Although inclusion of an ECM in the organoid or tumoroid cell culture is fundamental to mimic in vivo conditions, 8% and 31% of canine organoid and tumoroid papers, respectively, do not report its use in experiments (2, 24, 119). To enhance reproducibility, a controlled ECM can be provided using either Matrigel® or Basement Membrane Extract (BME/Geltrex™) (2, 24, 119, 120). These matrices are both derived from the natural ECM produced by Engelbreth-Holm-Swarm tumors in mice, which spontaneously develop and are classified as poorly differentiated chondrosarcomas (2, 24, 119, 120). Compared to BME, Matrigel® has a higher level of functional protein and is therefore more frequently used, i.e., in 83% and 50% of canine organoid and tumoroid papers, respectively (119). However, the use of animal-derived ECM in cell culture poses a risk for immunogen and pathogen transfer, limiting the use of organoids and tumoroids for clinical applications. Moreover, due to their animal origin, the use of these matrices also means failing to support the 3R-concept (i.e., the replacement, refinement and reduction of animal models) (2, 10, 121, 122). Although natural, synthetic or protein-engineered hydrogels have already been developed, their use has not reached its full potential (10, 120, 121). Challenges remain as working with these hydrogels requires considerable experience and time due to the need for finetuning (120, 121).



2.3.3.2 Basal culture media

Several basal media variants are used for canine organoid and tumoroid culturing, and were found to be always reported in the analyzed papers (Supplementary Tables S1, S2).

Minimal Essential Medium (MEM), originally developed by Eagle in 1959, is one of the most basic commercial media as it only contains vitamins, essential amino acids, glutamine and inorganic salts (116, 123, 124). Dulbecco's Modified Eagle's Medium (DMEM) is a first variant of MEM and was developed by Dulbecco and Freeman in 1959 (116, 123, 125). It contains fourfold higher concentrations of vitamins and amino acids than MEM, and is widely used in 2D mammalian cell cultures (116, 123). However, as DMEM does not contain proteins, lipids or growth factors, it still requires supplementation of serum (116, 123). Only 2 organoid papers report the use of DMEM as a suitable basal medium (30, 31). Iscove's Modified Dulbecco's Medium (IMDM), first reported in 1978 by Iscove and Melchers, is a variant of DMEM, containing more amino acids, vitamins and inorganic salts (116, 123, 126). IMDM is mainly used for high density cell cultures such as cardiac organoids (116, 123). DMEM/F-12, first reported in 1979 by Barnes and Sato, is a second variant of DMEM that contains the advantages of higher zinc sulfate, putrescine and linoleic acid concentrations as found in Ham's F-12 basal medium (123, 127). Yet, the Advanced DMEM/F-12 formulation requires even 50–90% less serum supplementation, which makes it more suitable for highly sensitive canine organoids and tumoroids, and explains its overall common use (128). More specifically, advanced DMEM/F-12 is reported in 78% and 88% of the investigated canine organoid and tumoroid papers, respectively. Modified Molecular, Cellular and Development Biology (MCDB) 153 medium, developed in 1980 by Peehl et al., is a specialized basal medium that is specifically used for culturing human renal organoids (123). In 2019, Chen et al. also reported its use for canine renal organoid culturing (85). However, in 2022, Zdyrski et al. managed to successfully develop renal organoids by using advanced DMEM/F-12 as alternative basal medium (47). Neurobasal medium, such as NeuroCult™ Neural Stem Cell (NSC) basal medium, was originally formulated by Brewer et al. in 1993 and is specifically used for culturing of central nervous system-derived neural stem and progenitor cells (129, 130). NeuroCult™ is reported in 1 paper focussing on canine organoids derived from the hippocampus (65). Yet, a study on canine spinal cord organoids reported the use of DMEM/F-12 as alternative basal medium (67).



2.3.3.3 Culture media supplements

The number and type of supplements that are provided to the selected basal media depend on the type of organoid or tumoroid that needs to be established (116, 123). More than 10 types of culture media supplements are used for organoid and tumoroid cultures, which will be discussed in alphabetical order in the following paragraphs (Supplementary Tables S1, S2).

Activators of specific pathways are rarely used in currently reported canine organoid and tumoroid cultures. Forskolin, a natural adenylyl cyclase/cyclic adenosine monophosphate (cAMP) signaling pathway activator with potential neuroprotective properties, is only reported in 2 papers focussing on canine keratinocyte organoids and in 1 paper focussing on canine medullary thyroid carcinoma tumoroids (73, 74, 96, 131). Dibutyryl-cAMP activates cAMP-dependent protein kinases and is only reported in 1 tumoroid study (96, 132). Heparin, which is a glycosaminoglycan, has a high protein affinity and enhances cellular proliferation by regulating the activity of growth factors such as Wingless and Int-1 (Wnt) and fibroblast growth factor (FGF) (133). It is reported in 3 papers focussing on canine hippocampus organoids, canine keratinocyte organoids, and both canine mammary organoids and tumoroids (48, 65, 73).

Amino acids, both essential and non-essential, are commonly supplemented to cell cultures as most cell types are unable to produce sufficient amounts of these basic protein building blocks (116, 134). Indeed, the use of L-glutamine or GlutaMAX™, a stabilized alternative, is reported in 69% and 88% of canine organoid and tumoroid papers, respectively (123). N-acetylcysteine (NAC), a supplement form of cysteine, is commonly used as a fast-acting water-soluble antioxidant and is reported in 83% and 94% of canine organoid and tumoroid papers, respectively (135). The addition of both these amino acid supplements in the basal medium is reported in 67% and 81% of canine organoid and tumoroid papers, respectively.

Antibiotic/-mycotic supplementation to the culture medium is important as nutrient-rich cell cultures are prone to fungal and bacterial contamination (116). Still, 22% of the canine organoid papers do not report the use of antibiotics/-mycotics. Our literature search identified reporting of five antibiotics/-mycotics in canine organoid and tumoroid cultures, including penicillin/streptomycin (PS), amphotericin B, trimethoprim sulfamethoxazole (TMS), primocin and nystatin. There is no clear preference for certain antibiotics/-mycotics in the organoid papers, although the use of nystatin has only been reported in 1 paper focussing on canine endometrial organoids (31). In contrast, the tumoroid papers prefer the use of PS and primocin (reported in 81% and 50% of canine tumoroid papers, respectively).

Buffers are necessary to maintain the pH of the cell culture, and are reported in 72% and 94% of canine organoid and tumoroid papers, respectively (116, 117, 123). The studies that do not additionally buffer the basal culture medium potentially rely on the buffering capacity of NaHCO3 present in most basal culture media (117). Two different buffers have been used for canine organoid and tumoroid culturing: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and Hank's balanced salt solution (HBSS), with HEPES having an enhanced buffering capacity compared to bicarbonate-based HBSS (136). Consequently, 69% and 94% of canine organoid and tumoroid papers, respectively, report the use of HEPES in cell culture media. HBSS is only described in 2 papers focussing on canine intestinal organoids and canine mammary tumoroids (11, 30).

Growth factors stimulate proliferation, migration or differentiation of cell types. However, as most growth factors are animal-derived, they are posing a risk factor for contamination (123). Epidermal growth factor (EGF) is most commonly used in 3D culture media and reported in 92% of canine organoid as well as all canine tumoroid papers. Heregulinβ-1 (HRGβ-1) and neuregulin-1 (NRG-1) are both members of the EGF family and play a role in the neoplastic transformation of the mammary gland. Consequently, both growth factors are reported in papers focussing on canine mammary tumoroids (11, 50, 137, 138). FGFs represent a large growth factor family, including FGF-1,−2,−7,−10,−18 and −19, and are reported in 42% and 31% of canine organoid and tumoroid papers, respectively. However, canine organoid and tumoroid papers significantly differ in the used FGFs. Insulin-like growth factor-1 (IGF-1) is part of the IGF-family and is only reported in 3 papers focussing on canine intestinal organoids and 1 paper focussing on canine mesothelioma tumoroids (35, 40, 42, 106). Hepatocyte growth factor (HGF) is a more specific growth factor, often used for organoids and tumoroids associated with the digestive system. More specifically, HGF has been reported in 3 papers focussing on canine intestinal organoids and 4 papers focussing on canine hepatic organoids (35, 40, 42, 55–58). Bone morphogenetic protein-7 (BMP-7) is a member of the transforming growth factor-β (TGF-β) superfamily (139) and is reported in 2 papers focussing on canine hepatic organoids (57, 58). Protein factors Wnt3a, R-spondin (Rspo)-1/-3 and Noggin are necessary to generate organoids and tumoroids from ASCs and CSCs, respectively (140). They are often combined (reported in 78% and 38% of canine organoid and tumoroid papers, respectively) either through supplementation of recombinant proteins or through a conditioned medium from other cell lines that are engineered to secrete these protein factors.

Hormones also strongly impact cell growth, proliferation, differentiation and function (116, 123). Gastrin is the most commonly supplemented hormone in 3D culture media and is reported in 64% of canine organoid papers. In marked contrast, it is only reported in 1 paper focussing on canine transitional cell carcinoma tumoroids (83). Other hormones, including hydrocortisone, dexamethasone, insulin, triiodothyronine (T3) and thyrotropin (TSH) are rarely reported in the literature. Hydrocortisone is used to improve the cloning efficiency of glial cells and fibroblasts (123), and is only reported in 2 papers focussing on canine renal organoids and on both canine mammary organoids and tumoroids (48, 85, 116, 123). Dexamethasone, a Notch inhibitor that is used to differentiate ASCs into hepatocytes with acquirement of the correct phenotype and also lowers the risk of cellular apoptosis, is reported in 2 out of 6 studies focussing on canine hepatic organoids (57, 58, 141, 142). Insulin can be used for cell proliferation of many cell types, but requires zinc supplementation to fulfill its proliferative activity and is unstable at 37°C (123). These limitations potentially explain why insulin is only reported in 3 papers focussing on canine renal organoids, canine medullary thyroid carcinoma tumoroids, and both canine mammary organoids and tumoroids (48, 85, 96). T3 is used to specifically enhance kidney and pulmonary epithelial cell proliferation, but is only reported in 1 paper focussing on canine renal organoids and is not mentioned in canine pulmonary organoid papers (47, 85, 100). TSH is important for thyroid cell proliferation, plays a role in the neoplastic transformation and progression of thyroid cancer, and is reported in 1 paper focussing on canine medullary thyroid carcinoma tumoroids (96, 143).

Inhibitors of specific metabolic pathways are commonly used in cell culture media (116). The TGF-β inhibitor A83-01 is the most often supplemented inhibitor for organoid/tumoroid culture expansion, reported in 78% and 88% of canine organoid and tumoroid papers, respectively (144). Rho-associated protein kinase inhibitor Y-27632 enhances the survival of stem cells and is reported in 72% and 44% of canine organoid and tumoroid papers, respectively (145). SB202190, an inhibitor of P38 mitogen-activated protein kinase, inhibits cellular apoptosis, stimulates cellular proliferation and migration in 3D culture models, and is reported in 47% and 31% of canine organoid and tumoroid papers, respectively (146). CHIR99021, an aminopyrimidine derivative, acts as an inhibitor of the enzyme glycogen synthase kinase (GSK) 3 that regulates differentiation of stem cells by impacting iron metabolism (147). Although CHIR99021 is reported in 42% of the canine organoid papers, it is only mentioned in 1 tumoroid paper focussing on canine transitional cell carcinoma tumoroids (83). N-[N-(3,5-difluorophen-acetyl)-l-alanyl]-S-phenylglycine t-butyl ester (DAPT) is a y-secretase inhibitor that, similarly as dexamethasone, is used to acquire the hepatocyte phenotype in cell cultures, and it is reported parallel with dexamethasone in 2 papers focussing on canine hepatic organoids (57, 58, 141, 142).

Multi-component supplements are composed of several factors that generally contribute to cellular growth and viability in 3D culture models. B-27, consisting of 20 different components, is widely used in cell culture media and more specifically reported in 81% and 50% of canine organoid and tumoroid papers respectively (129). N2, consisting of 5 different components, is reported in 58% of canine organoid papers and 1 paper on canine transitional cell carcinoma tumoroids (83, 129). Bovine Pituitary Extract (BPE) contains a variety of growth factors and hormones with antioxidant activity and is reported in 1 paper focussing on canine renal organoids (85, 148). NeuroCult™ Proliferation Supplement is a standardized commercial multi-component supplement for culturing of neural stem cells and is reported in 1 paper focussing on canine hippocampus organoids (65, 149).

Saccharides and their metabolites serve as an energy source in cell culture media (116, 150). Sodium pyruvate, a glucose metabolite, is frequently included in basal media and is therefore not separately reported as supplement in canine organoid and tumoroid papers (151). However, D-sorbitol, a reduced D-glucose, has been reported as supplement in culture media of canine intestinal organoids (30). Of note, 39% of canine organoid papers also report the use of D-sorbitol to maintain tissue viability during washing steps and stem cell isolation prior to organoid culturing.

Serum is one of the main components required to enhance cellular growth and proliferation, and is a source of amino acids, carrier proteins, growth factors, hormones, inorganic salts, lipids, trace elements and vitamins (116, 123). The most widely used type of serum is fetal bovine serum (FBS), which is reported in 75% and 50% of canine organoid and tumoroid papers, respectively. Although serum contains a variety of growth-stimulating and cell-stabilizing factors, it also has a highly variable lot-to-lot composition, which can lead to different research outcomes (123). Moreover, as serum is an animal-derived product, the use of serum-reduced or serum-free media is gaining popularity (123, 152). Alternatively, serum replacement (SR) can be used as a synthetic serum substitute to support cellular growth, but is currently reported in only 1 paper focussing on both canine mammary organoids and tumoroids (48, 123, 152).

Vitamins are typically already included in the basal medium, but some specific vitamins often need to be supplemented due to their limited available amount (116, 123). Nicotinamide, a vitamin B3 derivative that stimulates stem cell differentiation and survival, is reported in 69% and 81% of canine organoid and tumoroid papers, respectively (153). One paper focussing on canine renal organoids also describes the supplementation of L-ascorbic acid 2-phosphate (Asc-2P), a vitamin C derivate, in the cell culture medium (85).






3 Discussion

Organoids are 3D in vitro models that phenocopy the complex characteristics of corresponding in vivo tissues to a much better extent than 2D cultures (1–6). Their uprise is most noticeable in the field of oncology, where they are referred to as tumoroids, accounting for 40% of all organoid studies in 2023 (Figure 1). Indeed, the spontaneous occurrence of canine cancers, sometimes rare in humans, render dogs an accessible source of tumoroids. Canine organoids have also been increasingly implemented for translational research as these can overcome the constraints in the availability of necessary human material and its accompanying ethical issues (10–21). Yet, the establishment of canine organoids also comes with ethical considerations. The sourcing of the tissue from which organoids/tumoroids are eventually developed, should be performed with consent of the pet's owner, in accordance with the ARRIVE guidelines and after approval of the Institutional Animal Care and Use Committee (IACUC). These considerations are in place for tissue harvesting from both live animals, that undergo surgery, and euthanized animals (154). Most importantly, the tissue harvesting should also be performed without impacting animal welfare and should not bring additional harm to the canine patient. Residual material of tissue biopsies or curative surgical resections that are not used for pathological assessment, are usually the encouraged source of tissue for downstream research.

Despite their opportunities, only about 20 studies have been published on canine organoids/tumoroids in 2023, which is in marked contrast to the 175-fold higher output with over 3,500 studies on human organoids/tumoroids (Figure 1). Nevertheless, already 15 and 8 types of canine organoids and tumoroids, respectively, have currently been established (Table 1). Intestinal and hepatic organoids, as well as bladder and mammary tumoroids are most frequently reported (Supplementary Tables S1, S2).

Upon evaluation of the methods reported in 41 original papers, we found that all reviewed papers failed to report at least one of the required parameters as outlined in Supplementary Tables S1, S2 that could impact reproducibility and reliability of the organoid/tumoroid culturing. More specifically, the necessary parameters that were checked in the 41 original papers included dog characteristics, cell isolation specifications, cell seeding details, incubator settings, as well as used cell culture components (i.e., extracellular matrix, basal medium, activators, amino acids, antibiotics/mycotics, buffers, growth factors, hormones, inhibitors, multi-component supplements, saccharides, serum and vitamins). In addition, the clear lack of consensus regarding use of specific components in the culture media, even for similar organoid/tumoroid cultures, creates a substantial variation in protocols between research groups and could likely increase reluctance from researchers to explore these innovative animal-reducing and translatable technical tools (12–14). Our data overview is therefore also a plea to the implementation of a general standardized protocol across organoid/tumoroid types, of which the feasibility has already been demonstrated by 3 recent studies (37, 47, 49). Following comparison of the reported studies, we here suggest the potential components of such a standardized culture protocol for canine organoids and tumoroids (detailed in Table 2) based on 3 criteria, i.e., their (1) most common use, (2) lowest number of drawbacks and (3) acceptable financial impact. As starting stem cell type, ASCs and CSCs are preferred for canine organoids and tumoroids, respectively (1, 2, 74). These stem cells are most often used and are not associated with as many ethical issues as ESCs (1, 2, 74). Moreover, they can rather easy be isolated through microdissection of mostly surgery- or necropsy-derived tissue, followed by cell washing and enzymatic digestion (74, 111–114). AccuMax™ would be the preferred product to standardize the enzymatic tissue digestion as it provides a less costly, more reproducible and reliable alternative that is not mammalian- or bacterial-derived (111, 114). Matrigel® is by far the preferred type of ECM in most published organoid/tumoroid culture studies and would therefore be a logical choice for protocol standardization. However, the alternative use of hydrogels should be explored in parallel to overcome the drawbacks of Matrigel® (costly, animal-derived product with complex structure and variable composition) (10, 120, 121). Advanced DMEM/F-12 is the most obvious candidate for basal medium standardization as it includes multiple supplements and requires substantially less serum than other basal media (128). The preferred choice of various basal medium supplements for protocol standardization can also be clearly depicted based on their popularity in the literature, potential advantages and cost. More specifically, NAC and GlutaMAX™ should be standardized as amino acids; PS, TMS and primocin as antibiotics/-mycotics; HEPES as buffer; EGF, Noggin, Wnt3a and Rspo-1 as growth factors (and specific growth factors, such as HGF, should be added depending on the type of canine organoid or tumoroid); gastrin as hormone (and other specific hormones should be added depending on the type of canine organoid or tumoroid); A83-01 and Y-27632 as growth-supporting inhibitors; B-27 and N2 as multi-component supplements; FBS as serum supplement (although SR efforts should be encouraged); nicotinamide as vitamin derivative.


TABLE 2 Suggested standardized protocol for canine organoid and tumoroid cultures.

[image: Table 2]

Overall, canine organoids hold great potential in both veterinary and human medicine, but their applicability remains underinvestigated. Especially the human translation strongly relies on the hypothesis that dogs are a reliable model for humans, given their similar body size, metabolic processing, living environment, immune system, genetic diversity and disease development, including cancer (155). In fact, there are several clinical trials for drugs in dogs with cancer that provided the necessary proof-of-concept for subsequent translation and drug efficacy testing in human patients with (related) cancer. As an example, testing of the selective inhibitor of nuclear export (SINE) selinexor in dogs with lymphoma led to its accelerated FDA approval for human lymphoma patients (156–158). Similarly, evidence for the initiation of clinical trials with celecoxib as selective cyclooxygenase (COX)-2 inhibitor in human urothelial carcinoma originated from observations that COX inhibitors provide substantial reduction of urothelial carcinoma progression in dogs (159–161). One of the earliest examples of canine cancer patient trials for later human translation is the testing of toceranib against canine mast cell tumors carrying c-kit gene mutations (162). The positive results of this trial helped clinical trials with a similar tyrosine kinase inhibitor called sunitinib move forward against human cancers associated with c-kit mutations (163). Immunotherapy clinical trials are now also frequently performed in dogs as immunologically relevant models, to inform whether novel applications could also benefit humans. Testing of for example cancer vaccines against various targets is performed to demonstrate their evoked anti-tumor immune responses in dogs with human relevance (164). Moreover, transfer of adoptive T cells, chimeric antigen receptor-expressing T cells and autologous natural killer cells are explored in dogs with cancer to show homing, cytotoxicity and survival advantage of these lymphocytes and potential feasibility in humans (165). Trials in dogs have even gone beyond drug testing, and included the evaluation of medical devices and surgical techniques for human translation, with special interest for brain cancer applications through the use of canine brain tumor patients (166, 167). To the best of our knowledge, studies with canine organoids and tumoroids have not yet resulted in human applications. However, they open perspectives to quickly and reliably investigate for example druggable tumor intrinsic mechanisms with relevance for both canine and human cancer patients. Moreover, it is expected that canine organoids/tumoroids will be developed from additional tissue types by other research groups in the near future, which will further increase their translational potential and their use for initial testing of experimental drugs.

In conclusion, although the establishment of current organoids/tumoroids is quite successful, the efficiency of organoid/tumoroid generation still varies between 30 and 90% (1, 2, 5, 11, 108). This is where standardization of cell culture characteristics and rigor in methodological reporting could be beneficial. In order to become an even more important and informative preclinical tool, co-cultures of canine organoids/tumoroids with other tissue cell types (e.g., stromal and immune cells) need to be further explored (1, 2, 5, 11, 108). Moreover, currently only very few studies describe organoid vascularization, a feature that is necessary to mimic the dynamic blood flow observed in vivo and would also benefit the organoid life span (1, 2, 108, 168). When implemented, these additional assets will ultimately attract more scientists to canine organoids/tumoroids as tools, substantially contributing to the Cross Health concept.



Author contributions

KV: Conceptualization, Formal analysis, Methodology, Visualization, Writing – original draft. HR: Writing – review & editing. EM: Writing – review & editing. JS: Conceptualization, Methodology, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by a senior postdoctoral fellowship from Ghent University's Special Research Fund (grant number BOF24/PDO/046) awarded to JS.



Acknowledgments

The authors want to acknowledge Caro De Haes and Robbe Salembier (Laboratory of Biochemistry, Department of Veterinary and Biosciences, Faculty of Veterinary Medicine, Ghent University, Merelbeke, Belgium) to cross-validate the minimal parameter reporting in the 41 original papers.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1562004/full#supplementary-material

SUPPLEMENTARY TABLE S1 | Schematic overview of reported canine organoid parameters.

SUPPLEMENTARY TABLE S2 | Schematic overview of reported canine tumoroid parameters.



References

 1. Driehuis E, Clevers H. Organoïden als in-vitro model: mini-organen in het laboratorium. Ned Tijdschr Oncol. (2018) 15:244–51.

 2. Rossi G, Manfrin A, Lutolf MP. Progress and potential in organoid research. Nat Rev Genet. (2018) 19:671–87. doi: 10.1038/s41576-018-0051-9

 3. Artegiani B, Clevers H. Use and application of 3D-organoid technology. Hum Mol Genet. (2018) 27:R99–107. doi: 10.1093/hmg/ddy187

 4. Antoni D, Burckel H, Josset E, Noel G. Three-dimensional cell culture: a breakthrough in Vivo. Int J Mol Sci. (2015) 16:5517–27. doi: 10.3390/ijms16035517

 5. Huch M, Knoblich JA, Lutolf MP, Martinez-Ariaz A. The hope and the hype of organoid research. Development. (2017) 144:938–41. doi: 10.1242/dev.150201

 6. Zhou J, Su J, Fu X, Zheng L, Yin Z. Microfluidic device for primary tumor spheroid isolation. Exp Hematol Oncol. (2017) 6:22. doi: 10.1186/s40164-017-0084-3

 7. Zhao Z, Chen X, Dowbay AM, Sljukic A, Bratlie K, Lin L, et al. Organoids. Nat Rev Methods Primers. (2022) 2:94. doi: 10.1038/s43586-022-00174-y

 8. Azar J, Bahmad HF, Daher D, Moubarak MM, Hadadeh O, Monzer A, et al. The use of stem cell-derived organoids in disease modeling: an update. Int J Mol Sci. (2021) 22:7667. doi: 10.3390/ijms22147667

 9. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors. Cell. (2006) 126:663–76. doi: 10.1016/j.cell.2006.07.024

 10. Kar SK, Wells JM, Ellen ED, Te Pas MFW, Madsen O, Groenen MAM, et al. Organoids: a promising new in vitro platform in livestock and veterinary research. Vet Res. (2021) 5:43. doi: 10.1186/s13567-021-00904-2

 11. Raffo-Romero A, Aboulouard S, Bouchaert E. Establishment and characterization of canine mammary tumoroids for translational research. BMC Biol. (2023) 21:23. doi: 10.1186/s12915-023-01516-2

 12. Csukovich G, Pratscher B, Burgener IW. The world of organoids: gastrointestinal disease modelling in the age of 3R and one health with specific relevance to dogs and cats. Animals. (2022) 12:2461. doi: 10.3390/ani12182461

 13. Schultz M. Rudolf virchow. Emerg Infect Dis. (2008) 14:1480–1. doi: 10.3201/eid1409.086672

 14. Gyles C. One medicine, one health, one world. Can Vet J. (2016) 57:345–6.

 15. LaLonde-Paul D, Mouttham L. Dog Aging Project Consortium, Promislow DEL, Castelhano MG. Banking on a new understanding: translational opportunities from veterinary biobanks. Geroscience. (2023) 45:1439–50. doi: 10.1007/s11357-023-00763-z

 16. Jimenez AG. Physiological underpinnings in life-history trade-offs in man's most popular selection experiment: the dog. J Comp Physiol B. (2016) 186:813–27. doi: 10.1007/s00360-016-1002-4

 17. Chandra L, Borcherding DC, Kingsbury D, Atherly T, Ambrosini YM, Bourgois-Mochel A, et al. Derivation of adult canine intestinal organoids for translational research in gastroenterology. BMC Biol. (2019) 17:33. doi: 10.1186/s12915-019-0652-6

 18. Sándor S, Kubinyi E. Genetic pathways of aging and their relevance in the dog as a natural model of human aging. Front Genet. (2019) 10:948. doi: 10.3389/fgene.2019.00948

 19. Ito D, Frantz AM, Modiano JF. Canine lymphoma as a comparative model for human non-Hodgkin lymphoma: recent progress and applications. Vet Immunol Immunopathol. (2014) 159:192–201. doi: 10.1016/j.vetimm.2014.02.016

 20. Marconato L, Gelain ME, Comazzi S. The dog as a possible animal model for human non-Hodgkin lymphoma: a review. Hematol Oncol. (2013) 31:1–9. doi: 10.1002/hon.2017

 21. Simpson S, Rizvanov AA, Jeyapalan JN, De Brot S, Rutland CS. Canine osteosarcoma in comparative oncology: Molecular mechanisms through to treatment discovery. Front Vet Sci. (2022) 9:965391. doi: 10.3389/fvets.2022.965391

 22. Corrò C, Novellasdemunt L, Li VSW, A. brief history of organoids. Am J Physiol Cell Physiol. (2020) 319:C151–65. doi: 10.1152/ajpcell.00120.2020

 23. Wilson HV, A. new method by which sponges may be artificially reared. Science. (1907) 25:912–5. doi: 10.1126/science.25.649.912

 24. Armstrong L, Lako M, Buckley N, Lappin TRJ, Murphy MJ, Nolta JA, et al. Editorial: our top 10 developments in stem cell biology over the last 30 years. Stem Cells 30:2–9. doi: 10.1002/stem.1007

 25. Wang X. Stem cells in tissues, organoids, and cancers. Cell Mol Life Sci. (2019) 76:4043–70. doi: 10.1007/s00018-019-03199-x

 26. Smith E, Cochrane WJ. Cystic organoid teratoma; report of a case. Can Med Assoc J. (1946) 55:151.

 27. Barcellos-Hoff MH, Aggeler J, Ram TG, Bissell MJ. Functional differentiation and alveolar morphogenesis of primary mammary cultures on reconstituted basement membrane. Development. (1989) 105:223–35. doi: 10.1242/dev.105.2.223

 28. Sato T, Vries RG, Snippert HJ, Van de Wetering M, Barker N, Stange DE, et al. Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature. (2009) 459:262–5. doi: 10.1038/nature07935

 29. Eiraku M, Takata N, Ishibashi H, Kawada M, Sakakura E, Okuda S, et al. Self-organizing optic-cup morphogenesis in three-dimensional culture. Nature. (2011) 472:51–6. doi: 10.1038/nature09941

 30. Agopian VG, Chen DC, Avansino JR, Stelzner M. Intestinal stem cell organoid transplantation generates neomucosa in dogs. J Gastrointest Surg. (2009) 13:971–82. doi: 10.1007/s11605-009-0806-x

 31. Stadler K, Handler J, Schoenkypl S, Walter I, A. three-dimensional culture model of canine uterine glands. In Vitro Cell Dev Biol Anim. (2009) 45:35–43. doi: 10.1007/s11626-008-9127-8

 32. Hagman R. Diagnostic and prognostic markers for uterine diseases in dogs. Reprod Domest Anim. (2014) 49 Suppl 2:16–20. doi: 10.1111/rda.12331

 33. Sahoo DK, Borcherding DC, Chandra L, Jergers AE, Atherly T, Bourgois-Mochel A, et al. Differential transcriptomic profiles following stimulation with lipopolysaccharide in intestinal organoids from dogs with inflammatory bowel disease and intestinal mast cell tumor. Cancers. (2022) 14:3525. doi: 10.3390/cancers14143525

 34. Kramer N, Pratscher B, Meneses AMC, Tschulenk W, Walter I, Swoboda A, et al. Generation of differentiating and long-living intestinal organoids reflecting the cellular diversity of canine intestine. Cells. (2020) 9:822. doi: 10.3390/cells9040822

 35. Shanahan MT, Kanke M, Oyesola OO, Hung YH, Koch-Laskowski K, Singh AP, et al. Multiomic analysis defines the first microRNA atlas across all small intestinal epithelial lineages and reveals novel markers of almost all major cell types. Am J Physiol Gastrointest Liver Physiol. (2021) 321:G668–81. doi: 10.1152/ajpgi.00222.2021

 36. Ambrosini YM, Park Y, Jergens AE, Shin W, Min S, Atherly T, et al. Recapitulation of the accessible interface of biopsy-derived canine intestinal organoids to study epithelial-luminal interactions. PLoS ONE. (2020) 15:e0231423. doi: 10.1371/journal.pone.0231423

 37. Gabriel V, Zdyrski C, Sahoo DK, Dao K, Bourgois-Mochel A, Kopper J, et al. Standardization and maintenance of 3D canine hepatic and intestinal organoid cultures for use in biomedical research. J Vis Exp. (2022) 179:e63515. doi: 10.3791/63515

 38. Gabriel V, Zdyrski C, Sahoo DK, Dao K, Bourgois-Mochel A, Atherly T, et al. Canine intestinal organoids in a dual-chamber permeable support system. J Vis Exp. (2022) 181:e63612. doi: 10.3791/63612-v

 39. Csukovich G, Kramer N, Pratscher B, Gotic I, Freund P, Hahn R, et al. Neutralising effects of different antibodies on clostridioides difficile toxins TcdA and TcdB in a translational approach. Int J Mol Sci. (2023) 24:3867. doi: 10.3390/ijms24043867

 40. Kourula S, Derksen M, Jardi F, Jonkers S, Van Heerden M, Verboven P, et al. Intestinal organoids as an in vitro platform to characterize disposition, metabolism, and safety profile of small molecules. Eur J Pharm Sci. (2023) 188:106481. doi: 10.1016/j.ejps.2023.106481

 41. Csukovich G, Wagner M, Walter I, Burger S, Tschulenk W, Steinborn R, et al. Polarity reversal of canine intestinal organoids reduces proliferation and increases cell death. Cell Prolif. (2024) 57:e13544. doi: 10.1111/cpr.13544

 42. Motta LCB, Pereira VM, Pinto PAF, Mancanares CAF, Pieri NCG, De Oliveira VC, et al. 3D culture of mesenchymal stem cells from the yolk sac to generate intestinal organoid. Theriogenology. (2023) 209:98–106. doi: 10.1016/j.theriogenology.2023.06.003

 43. Sahoo DK, Martinez MN, Dao K, Gabriel V, Zdyrski C, Jergens AE, et al. Canine intestinal organoids as a novel in vitro model of intestinal drug permeability: a proof-of-concept study. Cells. (2023) 12:1269. doi: 10.3390/cells12091269

 44. Kopper JJ, Ienarella-Servantez C, Jergens AE, Sahoo DK, Guillot E, Bourgois-Mochel A, et al. Harnessing the biology of canine intestinal organoids to heighten understanding of inflammatory bowel disease pathogenesis and accelerate drug discovery: a one health approach. Front Toxicol. (2021) 3:773953. doi: 10.3389/ftox.2021.773953

 45. Solano-Gallego L, Masserdotti C. Reproductive system. Canine Feline Cytol. (2016) 19:313–52. doi: 10.1016/B978-1-4557-4083-3.00012-7

 46. Varughese EE, Adams GP, Singh J. Development of a domestic animal model for endometriosis: surgical induction in the dog, pigs, and sheep. J Endometr Pelvic Pain Disord. (2018) 10:2. doi: 10.1177/2284026518773942

 47. Zdyrski C, Gabriel V, Ospina O, Wickham H, Sahoo DK, Dao K, et al. Establishment and characterization of novel canine organoids with organ-specific physiological similarity. BioRxiv Preprint (2022).

 48. Cocola C, Molgora S, Piscitelli E, Veronesi MC, Greco M, Bragato C, et al. FGF2 and EGF are required for self-renewal and organoid formation of canine normal and tumor breast stem cells. J Cell Biochem. (2017) 118:570–84. doi: 10.1002/jcb.25737

 49. Abugomaa A, Elbadawy M, Yamamoto H, Ayame H, Ishihara Y, Sato Y. et al. Establishment of a direct 25D organoid culture model using companion animal cancer tissues. Biomed Pharmacother. (2022) 154:113597. doi: 10.1016/j.biopha.2022.113597

 50. Inglebert M, Dettwiler M, Hahn K, Letko A, Drogemuller C, Doench J, et al. A living biobank of canine mammary tumor organoids as a comparative model for human breast cancer. Sci Rep. (2022) 12:18051. doi: 10.1038/s41598-022-21706-2

 51. Abdelmegeed SM, Mohammed S. Canine mammary tumors as a model for human disease. Oncol Lett. (2018) 15:8195–205. doi: 10.3892/ol.2018.8411

 52. Saba CF, Rogers KS, Newman SJ, Mauldin GE, Vail DM. Mammary gland tumors in male dogs. J Vet Intern Med. (2007) 21:1056–9. doi: 10.1111/j.1939-1676.2007.tb03064.x

 53. Garcia APV, Reis LA, Nunes FC, Longford FGJ, Frey JG, De Paula AM, et al. Canine mammary cancer tumour behaviour and patient survival time are associated with collagen fibre characteristics. Sci Rep. (2021) 11:5668. doi: 10.1038/s41598-021-85104-w

 54. Lawson EF, Ghosh A, Blanch V, Grupen CG, Aitken RJ, Lim R, et al. Establishment and characterisation of oviductal organoids from farm and companion animals. Biol Reprod. (2023) 108:854–65. doi: 10.1093/biolre/ioad030

 55. Nantasanti S, Spee B, Kruitwagen HS, Chen C, Geijsen N, Oosterhoff LA, et al. Disease modeling and gene therapy of copper storage disease in canine hepatic organoids. Stem Cell Reports. (2015) 5:895–907. doi: 10.1016/j.stemcr.2015.09.002

 56. Van den Bossche L, Schoonenberg VAC, Burgener IA, Penning LC, Schrall IM, Kruitwagen HS, et al. Aberrant hepatic lipid storage and metabolism in canine portosystemic shunts. PLoS ONE. (2017) 12:e0186491. doi: 10.1371/journal.pone.0186491

 57. Wu X, Chien H, Van Wolferen ME, Kruitwagen HS, Oosterhoff LA, Penning LC. Reduced FXR target gene expression in copper-laden livers of COMMD1-deficient dogs. Vet Sci. (2019) 6:78. doi: 10.3390/vetsci6040078

 58. Kruitwagen HS, Oosterhoff LA, Van Wolferen ME, Chen C, Nantasanti Assawarachan S, Schneeberger K, et al. Long-term survival of transplanted autologous canine liver organoids in a COMMD1-deficient dog model of metabolic liver disease. Cells. (2020) 9:410. doi: 10.3390/cells9020410

 59. Vatnikov Y, Vilkovysky I, Kulikov E, Popova I, Khairova N, Gazin A, et al. Size of canine hepatocellular carcinoma as an adverse prognostic factor in surgery. J Adv Vet Anim Res. (2020) 7:127–32. doi: 10.5455/javar.2020.g401

 60. Hensley MT, Andrade JD, Keene B, Meurs K, Tang J, Wang Z, et al. Cardiac regenerative potential of cardiosphere-derived cells from adult dog hearts. J Cell Mol Med. (2015) 19:1805–13. doi: 10.1111/jcmm.12585

 61. Penning LC, Van den Boom R. Companion animal organoid technology to advance veterinary regenerative medicine. Front Vet Sci. (2023) 10:1032835. doi: 10.3389/fvets.2023.1032835

 62. Zhao D, Lei W, Hu S. Cardiac organoid - a promising perspective of preclinical model. Stem Cell Res Ther. (2021) 12:272. doi: 10.1186/s13287-021-02340-7

 63. Cunningham SM, Pierce KV. Abnormalities of the Cardiovascular System in Animals. Available online on: https://www.merckvetmanual.com/circulatory-system/cardiovascular-system-introduction/abnormalities-of-the-cardiovascular-system-in-animals (accessed March 27, 2024).

 64. Camacho P, Fan H, Liu Z, He J. Large mammalian animal models of heart disease. J Cardiovasc Dev Dis. (2016) 3:30. doi: 10.3390/jcdd3040030

 65. Lowe A, Dalton M, Sidhu K, Sachdev P, Reynolds B, Valenzuela M. Neurogenesis and precursor cell differences in the dorsal and ventral adult canine hippocampus. Neurosci Lett. (2015) 593:107–13. doi: 10.1016/j.neulet.2015.03.017

 66. Berns G. Decoding the canine mind. Cerebrum. (2020) 2020:cer-04-20.

 67. Santos SIP, De Oliveira VC, Pieri NCG, Bressan FF, Ambrósio CE, Feitosa MLT. Isolation and characterization of neural stem cells from fetal canine spinal cord. Neurosci Lett. (2021) 765:136293. doi: 10.1016/j.neulet.2021.136293

 68. Momont HW. The Gonads and Genital Tract of Dogs. Available online on: https://www.merckvetmanual.com/dog-owners/reproductive-disorders-of-dogs/the-gonads-and-genital-tract-of-dogs/ (accessed March 27, 2024).

 69. Usui T, Sakurai M, Nishikawa S, Umata K, Nemoto Y, Haraguchi T, et al. Establishment of a dog primary prostate cancer organoid using the urine cancer stem cells. Cancer Sci. (2017) 108:2383–92. doi: 10.1111/cas.13418

 70. Packeiser E, Hewicker-Trautwein M, Thiemeyer H, Mohr A, Junginger J, Schille JT, et al. Characterization of six canine prostate adenocarcinoma and three transitional cell carcinoma cell lines derived from primary tumor tissues as well as metastasis. PLoS ONE. (2020) 15:e0230272. doi: 10.1371/journal.pone.0230272

 71. Elbadawy M, Abugomaa A, Yamawaki H, Usui T, Sasaki K. Development of prostate cancer organoid culture models in basic medicine and translational research. Cancers. (2020) 12:777. doi: 10.3390/cancers12040777

 72. Leroy BE, Northrup N. Prostate cancer in dogs: comparative and clinical aspects. Vet J. (2009) 180:149–62. doi: 10.1016/j.tvjl.2008.07.012

 73. Wiener DJ, Basak O, Asra P, Boonekamp KE, Kretzschmar K, Papaspyropoulos A, et al. Establishment and characterization of a canine keratinocyte organoid culture system. Vet Dermatol. (2018) 29:375. doi: 10.1111/vde.12541

 74. Wiener DJ, Studer IC, Brunner MAT, Hermann A, Vincenti S, Zhang M, et al. Characterization of canine epidermal organoid cultures by immunohistochemical analysis and quantitative PCR. Vet Dermatol. (2021) 32:179. doi: 10.1111/vde.12914

 75. Sun H, Zhang Y, Li Y. Generation of skin organoids: potential opportunities and challenges. Front Cell Dev Biol. (2021) 9:709824. doi: 10.3389/fcell.2021.709824

 76. Villalobos AE. Tumors of the Skin in Dogs. Available online on: https://www.merckvetmanual.com/dog-owners/skin-disorders-of-dogs/tumors-of-the-skin-in-dogs (accessed March 27, 2024).

 77. Stevenson VB, Klahn S, LeRoith T, Huckle WR. Canine melanoma: a review of diagnostics and comparative mechanisms of disease and immunotolerance in the era of the immunotherapies. Front Vet Sci. (2023) 9:1046636. doi: 10.3389/fvets.2022.1046636

 78. Cichorek M, Wachulska M, Stasiewicz A, Tyminska A. Skin melanocytes: biology and development. Postepy Dermatol Alergol. (2013) 30:30–41. doi: 10.5114/pdia.2013.33376

 79. Elbadawy M, Fujisaka K, Yamamoto H, Tsunedomi R, Nagano H, Ayame H, et al. Establishment of an experimental model of normal dog bladder organoid using a three-dimensional culture method. Biomed Pharmacother. (2022) 151:113105. doi: 10.1016/j.biopha.2022.113105

 80. Elbadawy M, Usui T, Mori T, Tsunedomi R, Hazama S, Nabeta R, et al. Establishment of a novel experimental model for muscle-invasive bladder cancer using a dog bladder cancer organoid culture. Cancer Sci. (2019) 110:2806–21. doi: 10.1111/cas.14118

 81. Abugomaa A, Elbadawy M, Yamanaka M, Goto Y, Hayashi K, Mori T. et al. Establishment of 25D organoid culture model using 3D bladder cancer organoid culture. Sci Rep. (2020) 10:9393. doi: 10.1038/s41598-020-66229-w

 82. Elbadawy M, Sato Y, Mori T, Goto Y, Hayashi K, Yamanaka M, et al. Anti-tumor effect of trametinib in bladder cancer organoid and the underlying mechanism. Cancer Biol Ther. (2021) 22:357–71. doi: 10.1080/15384047.2021.1919004

 83. Kothadiya S, Cutshaw G, Uthaman S, Hassan N, Sahoo DK, Wickham H, et al. Cisplatin-induced metabolic responses measured with raman spectroscopy in cancer cells, spheroids, and canine-derived organoids. ACS Appl Mater Interfaces. (2024) 16:50267–81. doi: 10.1021/acsami.4c08629

 84. De Brot S, Robinson BD, Scase T, Grau-Roma L, Wilkinson E, Boorjian SA, et al. The dog as an animal model for bladder and urethral urothelial carcinoma: Comparative epidemiology and histology. Oncol Lett. (2018) 16:1641–9. doi: 10.3892/ol.2018.8837

 85. Chen T, Neupane M, Chien S, Chuang F, Crawford RB, Kaminski NE, et al. Characterization of adult canine kidney epithelial stem cells that give rise to dome-forming tubular cells. Stem Cells Dev. (2019) 28:1424–33. doi: 10.1089/scd.2019.0049

 86. Dunaevich A, Chen H, Musseri D, Kuzi S, Mazaki-Tovi M, Aroch I, et al. Acute on chronic kidney disease in dogs: etiology, clinical and clinicopathologic findings, prognostic markers, and survival. J Vet Intern Med. (2020) 34:2507–15. doi: 10.1111/jvim.15931

 87. Wouk N. End-stage renal disease: medical management. Am Fam Physic. (2021) 104:493–99.

 88. Baneth G, Segev G, Mazaki-Tovi M, Chen H, Kuzi S. Renal dialysis and long-term treatment of a dog with kidney disease associated with canine leishmaniosis. Parasit Vectors. (2018) 11:151. doi: 10.1186/s13071-018-2719-6

 89. Hopper K, Mehl ML, Kass PH, Kyles A, Gregory CR. Outcome after renal transplantation in 26 dogs. Vet Surg. (2012) 41:316–27. doi: 10.1111/j.1532-950X.2011.00924.x

 90. Kemppainen RJ. The Endocrine System of Animals. Available online on: https://www.msdvetmanual.com/endocrine-system/endocrine-system-introduction/the-endocrine-system-of-animals (accessed March 30, 2024).

 91. Sanders K, Ringnalda FCA, Van de Wetering ML, Kooistra HS, Meij BP, Clevers H, et al. Canine pituitary organoids as 3D in vitro model for cushing disease. J Endocr Soc. (2021) 5:A533. doi: 10.1210/jendso/bvab048.1085

 92. Ferriere A, Tabarin A. Cushing's disease. Presse Med. (2021) 50:104091. doi: 10.1016/j.lpm.2021.104091

 93. Sanders K, Kooistra HS, Galac S. Treating canine Cushing's syndrome: current options and future prospects. Vet J. (2018) 241:42–51. doi: 10.1016/j.tvjl.2018.09.014

 94. Lemetayer J, Blois S. Update on the use of trilostane in dogs. Can Vet J. (2018) 59:397–407.

 95. Jankovic J, Dettwiler M, Fernández MG, Tièche E, Hahn K, April-Monn S, et al. Validation of immunohistochemistry for canine proteins involved in thyroid iodine uptake and their expression in canine follicular cell thyroid carcinomas (FTCs) and FTC-derived organoids. Vet Pathol. (2021) 58:1172–80. doi: 10.1177/03009858211018813

 96. Scheemaeker S, Inglebert M, Daminet S, et al. Organoids of patient-derived medullary thyroid carcinoma: the first milestone towards a new in vitro model in dogs. Vet Comp Oncol. (2023) 21:111–22. doi: 10.1111/vco.12872

 97. Hassan BB, Alstadt LA, Dirksen WP, Elshafae SM, Rosol TJ. Canine thyroid cancer: molecular characterization and cell line growth in nude mice. Vet Pathol. (2020) 57:227–40. doi: 10.1177/0300985819901120

 98. Choi J, Park J, Tsagkogeorga G, Yanagita M, Koo B, Han N, et al. Inflammatory signals induce AT2 cell-derived damage-associated transient progenitors that mediate alveolar regeneration. Cell Stem Cell. (2020) 27:366–82. doi: 10.1016/j.stem.2020.06.020

 99. Ghorani V, Boskabady MH, Khazdair MR, Kianmeher M. Experimental animal models for COPD: a methodological review. Tob Induc Dis. (2017) 15:25. doi: 10.1186/s12971-017-0130-2

 100. Sato YS, Elbadawy M, Suzuki K, Tsunedomi R, Nagano H, Ishihara Y, et al. Derivation of a new model of lung adenocarcinoma using canine lung cancer organoids for translational research in pulmonary medicine. Biomed Pharmacother. (2023) 165:115079. doi: 10.1016/j.biopha.2023.115079

 101. Wiedenmann S, Breunig M, Merkle J, Von Toerne C, Georgiev T, Moussus M, et al. Single-cell-resolved differentiation of human induced pluripotent stem cells into pancreatic duct-like organoids on a microwell chip. Nat Biomed Eng. (2021) 5:897–913. doi: 10.1038/s41551-021-00757-2

 102. Bedos L, Wickham H, Gabriel V, Zdyrski C, Allbaugh RA, Sahoo DK, et al. Culture and characterization of canine and feline corneal epithelial organoids: a new tool for the study and treatment of corneal diseases. Front Vet Sci. (2022) 9:1050467. doi: 10.3389/fvets.2022.1050467

 103. Tidke SC, Tidake P. A review of corneal blindness: causes and management. Cureus. (2022) 14:e30097. doi: 10.7759/cureus.30097

 104. Isard P, Dulaurent T, Regnier A. Keratoprosthesis with retrocorneal fixation: preliminary results in dogs with corneal blindness. Vet Ophthalmol. (2010) 13:279–88. doi: 10.1111/j.1463-5224.2010.00800.x

 105. Mutsaers SE. The mesothelial cell. Int J Biochem Cell Biol. (2004) 36:9–16. doi: 10.1016/S1357-2725(03)00242-5

 106. Sato Y, Elbadawy M, Suzuki K, Tsunedomi R, Nagano H, Ishihara Y, et al. Establishment of an experimental model of canine malignant mesothelioma organoid culture using a three-dimensional culture method. Biomed Pharmacother. (2023) 162:114651. doi: 10.1016/j.biopha.2023.114651

 107. Moberg HL, Gramer I, Schofield I, Blackwood L, Killick D, Priestnall SL, et al. Clinical presentation, treatment and outcome of canine malignant mesothelioma: a retrospective study of 34 cases. Vet Comp Oncol. (2022) 20:304–12. doi: 10.1111/vco.12777

 108. Kloker LD, Yurttas C, Lauer UM. Three-dimensional tumor cell cultures employed in virotherapy research. Oncolytic Virother. (2018) 7:79–93. doi: 10.2147/OV.S165479

 109. Cibelli J, Emborg ME, Prockop DJ, Roberts M, Schatten G, Rao M, et al. Strategies for improving animal models for regenerative medicine. Cell Stem Cell. (2013) 12:271–4. doi: 10.1016/j.stem.2013.01.004

 110. Féraud O, Valogne Y, Melkus MW, Zhang Y, Oudrhiri N, Haddad R, et al. Donor dependent variations in hematopoietic differentiation among embryonic and induced pluripotent stem cell lines. PLoS ONE. (2016) 11:e0149291. doi: 10.1371/journal.pone.0149291

 111. Reichard A, Asosingh K. Best practices for preparing a single cell suspension from solid tissues for flow cytometry. Cytometry A. (2019) 95:219–26. doi: 10.1002/cyto.a.23690

 112. Shi X, Tan W, Lu Y, Cao W, Zhu G, A. needle tip CCEA microfluidic device based on enhanced Dean flow for cell washing. Microsyst Nanoeng. (2021) 7:81. doi: 10.1038/s41378-021-00311-9

 113. Nair S, Archer GE, Tedder TF. Isolation and generation of human dendritic cells. Curr Protoc Immunol. (2012) 7:32.1–23. doi: 10.1002/0471142735.im0732s99

 114. Grant A, Palzer S, Hartnett C, Bailey T, Tsang M, Kalyuzhny AE, et al. cell-detachment solution can reduce background staining in the ELISPOT assay. Methods Mol Biol. (2005) 302:87–94. doi: 10.1385/1-59259-903-6:087

 115. Issa RI, Engebretson B, Rustom L, McFetridge PS, Sikavitsas VI. The effect of cell seeding density on the cellular and mechanical properties of a mechanostimulated tissue-engineered tendon. Tissue Eng Part A. (2011) 17:1479–87. doi: 10.1089/ten.tea.2010.0484

 116. Gleichmann N. Which Cell Culture Media Is Right for You? Available online on: https://www.technologynetworks.com/cell-science/articles/which-cell-culture-media-is-right-for-you-331552 (accessed March 31, 2024).

 117. Michl J, Chan Park K, Swietach P. Evidence-based guidelines for controlling pH in mammalian live-cell culture systems. Commun Biol. (2019) 2:144. doi: 10.1038/s42003-019-0393-7

 118. Tayebi-khorami M, Chegeni N, Tahmasebi Birgani M, Danyaei A, Fardid R, Zafari J. Construction a CO2 incubator for cell culture with capability of transmitting microwave radiation. J Med Signals Sens. (2022) 12:127–32. doi: 10.4103/jmss.jmss_113_21

 119. Passaniti A, Kleinman HK, Martin GR. Matrigel: history/background, uses, and future applications. J Cell Commun Signal. (2022) 16:621–6. doi: 10.1007/s12079-021-00643-1

 120. Aisenbrey EA, Murphy WL. Synthetic alternatives to Matrigel. Nat Rev Mater. (2020) 5:539–51. doi: 10.1038/s41578-020-0199-8

 121. Porter RJ, Murray GI, McLean MH. Current concepts in tumour-derived organoids. Br J Cancer. (2020) 123:1209–18. doi: 10.1038/s41416-020-0993-5

 122. Rusche B. The 3Rs and animal welfare—conflict or the way forward? ALTEX. (2003) 20:63–76.

 123. Yao T, Asayama Y. Animal-cell culture media: History, characteristics, and current issues. Reprod Med Biol. (2017) 16:99–117. doi: 10.1002/rmb2.12024

 124. Eagle H. Amino acid metabolism in mammalian cell cultures. Science. (1959) 130:432–7. doi: 10.1126/science.130.3373.432

 125. Dulbecco R, Freeman G. Plaque production by the polyoma virus. Virology. (1959) 8:396–7. doi: 10.1016/0042-6822(59)90043-1

 126. Iscove NN, Melchers F. Complete replacement of serum by albumin, transferrin, and soybean lipid in cultures of lipopolysaccharide-reactive B lymphocytes. J Exp Med. (1978) 147:923–33. doi: 10.1084/jem.147.3.923

 127. Barnes D, Sato G. Growth of a human mammary tumour cell line in a serum-free medium. Nature. (1979) 281:388–9. doi: 10.1038/281388a0

 128. ThermoFisher Scientific. Advanced DMEM/F-12. Available online on: https://www.thermofisher.com/order/catalog/product/12634028 (accessed March 31, 2024).

 129. Zhang L, Yu H, Yuan Y, Yu JS, Lou Z, Xue Y, et al. The necessity for standardization of glioma stem cell culture: a systematic review. Stem Cell Res Ther. (2020) 11:84. doi: 10.1186/s13287-020-01589-8

 130. Brewer GJ, Torricelli JR, Evege EK, Price PJ. Optimized survival of hippocampal neurons in B27-supplemented Neurobasal, a new serum-free medium combination. J Neurosci Res. (1993) 35:567–76. doi: 10.1002/jnr.490350513

 131. Kapoor T, Mehan S, Suri M, Sharma N, Kumar N, Narula AS, et al. Forskolin, an adenyl cyclase/cAMP/CREB signaling activator restoring myelin-associated oligodendrocyte destruction in experimental ethidium bromide model of multiple sclerosis. Cells. (2022) 11:2771. doi: 10.3390/cells11182771

 132. Schwede F, Maronde E, Genieser H, Jastorff B. Cyclic nucleotide analogs as biochemical tools and prospective drugs. Pharmacol Ther. (2000) 87:199–226. doi: 10.1016/S0163-7258(00)00051-6

 133. Ling L, Camilleri ET. helledie T, Samsonraj RM, Titmarsh DM, Chua RJ, et al. Effect of heparin on the biological properties and molecular signature of human mesenchymal stem cells. Gene. (2016) 576:292–303. doi: 10.1016/j.gene.2015.10.039

 134. Palaniswamy MS. Determination of Amino Acid Composition of Cell Culture Media and Protein Hydrosylate Standard. Available online on: https://www.agilent.com/cs/library/applications/5991-7922EN.pdf (accessed March 31, 2024).

 135. Ehrhard HB, Pine L. Factors influencing the production of H and M antigens by Histoplasma capsulatum: effect of physical factors and composition of medium. Appl Microbiol. (1972) 23:250–61. doi: 10.1128/am.23.2.250-261.1972

 136. Van der Lienden MJC, Aten J, Boot RG, Van Eijk M, Aerts JMFG, Kuo C. HEPES-buffering of bicarbonate-containing culture medium perturbs lysosomal glucocerebrosidase activity. J Cell Biochem. (2022) 123:893–905. doi: 10.1002/jcb.30234

 137. Li L, Cleary S, Mandarano MA, Long W, Birchmeier C, Jones FE. The breast proto-oncogene, HRGα regulates epithelial proliferation and lobuloalveolar development in the mouse mammary gland. Oncogene. (2002) 21:4900–7. doi: 10.1038/sj.onc.1205634

 138. Jeong H, Kim J, Lee Y, Seo JH, Hong SR, Kim A. Neuregulin-1 induces cancer stem cell characteristics in breast cancer cell lines. Oncol Rep. (2014) 32:1218–24. doi: 10.3892/or.2014.3330

 139. Ehata S, Miyazone K. Bone morphogenetic protein signaling in cancer; some topics in the recent 10 years. Front Cell Dev Biol. (2022) 10:883523. doi: 10.3389/fcell.2022.883523

 140. VanDussen KL, Sonnek NM, Stappenbeck TS. L-WRN conditioned medium for gastrointestinal epithelial stem cell culture shows replicable batch-to-batch activity levels across multiple research teams. Stem Cell Res. (2019) 37:101430. doi: 10.1016/j.scr.2019.101430

 141. Oh H-Y, Namkoong S, Lee S-J, Por E, Kim C-K, Billiar TR, et al. Dexamethasone protects primary cultured hepatocytes from death receptor-mediated apoptosis by upregulation of cFLIP. Cell Death Differ. (2006) 13:512–23. doi: 10.1038/sj.cdd.4401771

 142. Hu, Y, HU X, Luo J, Huang J, Sun Y, Li H, et al. Liver organoid culture methods. Cell Biosci. (2023) 13:197. doi: 10.1186/s13578-023-01136-x

 143. Chu Y-D, Yeh C-T. The molecular function and clinical role of thyroid stimulating hormone receptor in cancer. Cells Cells. (2020) 9:1730. doi: 10.3390/cells9071730

 144. Gurung S, Werkmeister JA, Gargett CE. Inhibition of transforming growth factor-β receptor signaling promotes culture expansion of undifferentiated human endometrial mesenchymal stem/stromal cells. Sci Rep. (2015) 5:15042. doi: 10.1038/srep15042

 145. Wu Y, Shu J, He C, Li M, Wang Y, Ou W, et al. ROCK inhibitor Y27632 promotes proliferation and diminishes apoptosis of marmoset induced pluripotent stem cells by suppressing expression and activity of caspase 3. Theriogenology. (2016) 85:302–14. doi: 10.1016/j.theriogenology.2015.09.020

 146. Düzgün SA, Yerlikaya A, Zeren S, Bayhan Z, Okur E, Boyaci I. Differential effects of p38 MAP kinase inhibitors SB203580 and SB202190 on growth and migration of human MDA-MB-231 cancer cell line. Cytotechnology. (2017) 69:711–24. doi: 10.1007/s10616-017-0079-2

 147. Han Y, He Y, Jin X, Xie J, Yu P, Gao G, et al. CHIR99021 Maintenance of the cell stemness by regulating cellular iron metabolism. Antioxidants. (2023) 12:377. doi: 10.3390/antiox12020377

 148. Kent KD, Bomser JA. Bovine pituitary extract provides remarkable protection against oxidative stress in human prostate epithelial cells. In Vitro Cell Dev Biol Anim. (2003) 39:388–94. doi: 10.1290/1543-706X(2003)039 < 0388:BPEPRP>2.0.CO;2

 149. Azari H, Lous SA, Sharififar S, Vedam-Mai V, Reynolds BA. Neural-colony forming cell assay: an assay to discriminate bona fide neural stem cells from neural progenitor cells. J Vis Exp. (2011) 49:2639. doi: 10.3791/2639-v

 150. Leong DSZ, Tan JGL, Chin CL, Mak SY, Ho YS, Ng SK. Evaluation and use of disaccharides as energy source in protein-free mammalian cell cultures. Sci Rep. (2017) 7:45216. doi: 10.1038/srep45216

 151. Yako H, Niimi N, Kato A. Role of pyruvate in maintaining cell viability and energy production under high-glucose conditions. Sci Rep. (2021) 11:18910. doi: 10.1038/s41598-021-98082-w

 152. Gstraunthaler G. Alternatives to the use of fetal bovine serum: serum-free cell culture. ALTEX. (2003) 20:275–81. doi: 10.14573/altex.2003.4.257

 153. Meng Y, Ren Z, Xu F, Zhou X, Song C, Wang VY, et al. Nicotinamide promotes cell survival and differentiation as kinase inhibitor in human pluripotent stem cells. Stem Cell Reports. (2018) 11:1347–56. doi: 10.1016/j.stemcr.2018.10.023

 154. Louis-Maerten E, Shaw DM. Ethical collection of animal cadavers for veterinary education. BMC Vet Res. (2025) 21:95. doi: 10.1186/s12917-025-04543-z

 155. LeBlanc AK, Breen M, Choyke P, Dewhirst M, Fan TM, Gustafson DL, et al. Perspectives from man's best friend: National Academy of Medicine's Workshop on Comparative Oncology. Sci Transl Med. (2016) 8:324ps5. doi: 10.1126/scitranslmed.aaf0746

 156. Kalakonda N, Maerevoet M, Cavallo F, Follows G, Goy A, Vermaat JSP, et al. Selinexor in patients with relapsed or refractory diffuse large B-cell lymphoma (SADAL): a single-arm, multinational, multicentre, open-label, phase 2 trial. Lancet Haematol. (2020) 7:e511–22. doi: 10.1016/S2352-3026(20)30120-4

 157. Sadowski AR, Gardner HL, Borgatti A, Wilson H, Vail DM, Lachowicz J, et al. Phase II study of the oral selective inhibitor of nuclear export (SINE) KPT-335 (verdinexor) in dogs with lymphoma. BMC Vet Res. (2018) 14:250. doi: 10.1186/s12917-018-1587-9

 158. London CA, Bernabe LF, Barnard S, Kisseberth WC, Borgatti A, Henson M, et al. Preclinical evaluation of the novel, orally bioavailable Selective Inhibitor of Nuclear Export (SINE) KPT-335 in spontaneous canine cancer: results of a phase I study. PLoS ONE. (2014) 9:e87585. doi: 10.1371/journal.pone.0087585

 159. Mohammed SI, Bennett PF, Craig BA, Glickman NW, Mutsaers AJ, Snyder PW, et al. Effects of the cyclooxygenase inhibitor, piroxicam, on tumor response, apoptosis, and angiogenesis in a canine model of human invasive urinary bladder cancer. Cancer Res. (2002) 62:356–8.

 160. Dhawan D, Craig BA, Cheng L, Snyder PW, Mohammed SI, Stewart JC, et al. Effects of short-term celecoxib treatment in patients with invasive transitional cell carcinoma of the urinary bladder. Mol Cancer Ther. (2010) 9:1371–7. doi: 10.1158/1535-7163.MCT-10-0049

 161. Sabichi AL, Lee JJ, Grossman HB, Liu S, Richmond E, Czerniak BA, et al. A randomized controlled trial of celecoxib to prevent recurrence of nonmuscle-invasive bladder cancer. Cancer Prev Res. (2011) 4:1580–9. doi: 10.1158/1940-6207.CAPR-11-0036

 162. London CA, Hannah AL, Zadovoskaya R, Chien MB, Kollias-Baker C, Rosenberg M, et al. Phase I dose-escalating study of SU11654, a small molecule receptor tyrosine kinase inhibitor, in dogs with spontaneous malignancies. Clin Cancer Res. (2003) 9:2755–68.

 163. Papaetis GS, Syrigos KN. Sunitinib: a multitargeted receptor tyrosine kinase inhibitor in the era of molecular cancer therapies. BioDrugs. (2009) 23:377–89. doi: 10.2165/11318860-000000000-00000

 164. Tarone L, Barutello G, Iussich S, Giacobino D, Quaglino E, Buracco P, et al. Naturally occurring cancers in pet dogs as pre-clinical models for cancer immunotherapy. Cancer Immunol Immunother. (2019) 68:1839–53. doi: 10.1007/s00262-019-02360-6

 165. LeBlanc AK, Mazcko CN. Improving human cancer therapy through the evaluation of pet dogs. Nat Rev Cancer. (2020) 20:727–42. doi: 10.1038/s41568-020-0297-3

 166. Latouche EL, Arena CB, Ivey JW, Garcia PA, Pancotto TE, Pavlisko N, et al. High-frequency irreversible electroporation for intracranial meningioma: a feasibility study in a spontaneous canine tumor model. Technol Cancer Res Treat. (2018) 17:1533033818785285. doi: 10.1177/1533033818785285

 167. Dickinson PJ, LeCouteur RA, Higgins RJ, Bringas JR, Roberts B, Larson RF, et al. Canine model of convection-enhanced delivery of liposomes containing CPT-11 monitored with real-time magnetic resonance imaging: laboratory investigation. J Neurosurg. (2008) 108:989–98. doi: 10.3171/JNS/2008/108/5/0989

 168. Andrews MG, Kriegstein AR. Challenges of organoid research. Annu Rev Neurosci. (2022) 45:23–39. doi: 10.1146/annurev-neuro-111020-090812

Copyright
 © 2025 Verduijn, de Rooster, Meyer and Steenbrugge. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fvets-12-1562004-t002.jpg
Pa eters

Cell isolation

Cell culture compone

ASCs (for organoids)/CSCs (for tumoroids),
AccuMAXT™

Extracellular matrix

Matrigel® (use of non-animal-derived hydrogels
are encouraged)

Basal medium

Advanced DMEM/F-12

Amino acids

NAG, GlutaMAX™

Antibiotics/-mycotics

PS, TMS, Primocin

Buffers HEPES (if necessary)

Growth factors® EGE Noggin, Wnt3a, Rspo-1

Hormones™* Gastrin

Inhibitors*** A83-01,Y-27632

Multi-component B-27,N2

supplements

Serum FBS (use of non-animal-derived SR is encouraged)
Vitamins Nicotinamide

*Other specific growth factors (such as HGF) to be added depending on the canine
organoid/tumoroid type. **Other specific hormones to be added depending on the canine
organoid/tumoroid type. ***Often only used in the first days of culture to boost stem cell

survival and prevent anoikis.






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Canine organoids: state-of-the-art, translation potential for human medicine and plea for standardization



		1 Introduction



		2 Review



		2.1 Historical evolution of human and veterinary organoid and tumoroid research



		2.2 Types of canine organoids and tumoroids



		2.2.1 Intestinal system



		2.2.2 Female reproductive system



		2.2.3 Hepatobiliary system



		2.2.4 Cardiovascular system



		2.2.5 Nervous system



		2.2.6 Male reproductive system



		2.2.7 Skin



		2.2.8 Urinary system



		2.2.9 Endocrine system



		2.2.10 Lung



		2.2.11 Pancreas



		2.2.12 Cornea



		2.2.13 Mesothelium









		2.3 Culture conditions for canine organoids and tumoroids



		2.3.1 Cell isolation



		2.3.2 Cell seeding



		2.3.3 Cell culture



		2.3.3.1 Extracellular matrix



		2.3.3.2 Basal culture media



		2.3.3.3 Culture media supplements



















		3 Discussion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
, frontiers | Frontiers in Veterinary Science

Canine organoids:
state-of-the-art, translation
potential for human medicine
and plea for standardization





OPS/images/fvets-12-1562004-g001.gif
EEEEE S
]

PEPIIIEEIIIIEITIE





OPS/images/fvets-12-1562004-t001.jpg
Tissue type

First organoid

First tumoroid

report report
Intestine 2009 (30) /
Endometrium 2009 (31) /
Mammarygland | 2017 (48) 2017 (48)
Oviduct 2023 (54) /
Liver 2015 (55) /
Heart 2015 (60) !
Hippocampus 2015 (65) /
Spinal cord 2021 (67) /
Prostate / 2017 (69)
Skin 2018 (73) 2022 (49)
Bladder 2022 (79) 2019 (80)
Kidney 2019 (85) /
Pituitary gland 2021 (91) 2021 (91)
Thyroid gland ! Follicular: 2021 (95)
Medullary: 2023 (96)
Lung 2022 (47) 2022 (49)
Pancreas 2022 (47) /
Cornea 2022 (102) /
Mesothelium / 2023 (106)












OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Veterinary Science







