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Gastrointestinal (GI) health underpins systemic well-being, yet the complexity of gut physiology poses
significant challenges to understanding disease mechanisms and developing effective, personalized ther-
apies. Traditional models often fail to capture the intricate interplay between epithelial, mesenchymal,
immune, and neuronal cells that govern gut homeostasis and disease. Over the past five years, advances in
organoid technology have created physiologically relevant, three-dimensional GI models that replicate
native tissue architecture and function. These models have revolutionized the study of autoimmune dis-
orders, homeostatic dysfunction, and pathogen infections, such as norovirus and Salmonella, which affect
millions of humans and animals globally. In this review, we explore how organoids, derived from intestinal
and pluripotent stem cells, are transforming our understanding of GI development, disease etiology, and
therapeutic innovation. Through the “Zoobiquity” paradigm and “One Health” framework, we highlight the
integration of companion animal organoids, which provide invaluable insights into shared disease
mechanisms and preclinical therapeutic development. Despite their promise, challenges remain in
achieving organoid maturation, expanding immune and neuronal integration, and bridging the gap be-
tween organoid responses and in vivo outcomes. By refining these cutting-edge platforms, we can advance
human and veterinary medicine alike, fostering a holistic approach to health and disease.

© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction inhibitor [14]. Maintained within a three-dimensional Matrigel
The gastrointestinal (GI) tract is a complex ecosystem where
multiple cell types work together to perform essential physiological
functions. This epithelial barrier, along with diverse cell populations
such as smooth muscle cells, mesenchymal cells, endothelial cells,
intestinal neuronal cells, and immune cells, orchestrates processes
ranging from digestion to immune defense. The intricate in-
teractions among these components are crucial for maintaining gut
homeostasis, and thus their dysfunction can result in various path-
ological conditions in both humans and animals [1,2].

Recent advancements in organoid technology have facilitated
the creation of increasingly sophisticated systems that incorporate
multiple cell types, including immune components and elements of
the enteric nervous system [3e5]. By mimicking the three-
dimensional architecture and physiological functions of organs,
organoids offer unparalleled insights into human organ develop-
ment, disease mechanisms, and therapeutic strategies [6,7]. These
advanced models faithfully replicate the physiological complexity
of the GI tract more accurately than traditional two-dimensional
monolayer cell culture models, providing powerful platforms for
disease modeling and drug development across species.

The “Zoobiquity paradigm”, which explores the fundamental
biological connections between human and animal diseases, offers
a novel framework for organoid research [8,9]. This comparative
biological approach is particularly valuable in GI research, as
digestive disorders demonstrate striking similarities across species
in terms of genetic susceptibility and therapeutic responses [9e11].
For example, spontaneous cancers in canine populations have
provided critical insights into the genetic and environmental fac-
tors driving tumor development, often yielding more physiologi-
cally relevant findings than conventional rodent models with
artificially induced tumor [12]. By leveraging comparative biology,
the Zoobiquity approach accelerates cross-species discoveries,
enhancing our understanding and treatment of human diseases.

Integrating organoid technology with comparative medicine
principles enables the development of sophisticated translational
models that bridge species-specific biological insights.

This review explores the intersection of intestinal organoid
technology and comparative medicine within the Zoobiquity
framework, highlighting how species-specific organoid models can
improve our understanding of shared disease mechanisms and
expedite therapeutic development for both human and veterinary
medicine. This integrated approach holds great potential for
advancing targeted treatments across species and deepening our
knowledge of evolutionarily conserved disease mechanisms.
Fig. 1. Summary of intestinal organoid development from intestinal stem cells (ISCs) or
pluripotent stem cells (PSCs). Primary organoids are first established as enteroids or
colonoids from ISCs, embedded in Matrigel, and as Matrigel-free mini-gut structures
from PSCs. Advanced “engineered organoids” are generated through modifications
such as apical polarity engineering (e.g., apical-in or apical-out orientations) and the
incorporation of additional cell types, including immune cells (e.g., intraepithelial
lymphocytes and macrophages) and neural components. These engineered models
enable the study of complex interactions between the intestinal epithelium, immune
system, and neural system, simulating in vivo-like microenvironments.
2. Gastrointestinal organoids from intestinal stem cells (ISCs)

The development of GI organoids marked a pivotal advance-
ment in GI research, exemplified by the generation of the first small
intestinal organoids (enteroids) from Lgr5þ intestinal stem cells
(ISCs). Originally described in 2009 [13], these ISCs, embedded in
Matrigelda complex extracellular matrix (ECM)dand supple-
mented with a defined growth factor cocktail comprising R-spon-
din, Noggin, and epidermal growth factor (EGF), demonstrate a
remarkable capacity for self-renewal and organoid formation [13].
This breakthrough subsequently facilitated the establishment of
colonoids, achieved by incorporating Wnt3A into the enteroid
culture conditions, reflecting the distinct molecular requirements
of colonic epithelium [14].

Human enteroid and colonoid cultures were further optimized
by incorporating additional factors, including gastrin, nicotinamide,
a p38 inhibitor, and a transforming growth factor-beta (TGF-b)
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matrix, these organoids recapitulate the architectural and func-
tional hierarchy of the intestinal epithelium, particularly the crypt
domain, which is characterized by proliferative undifferentiated
cells. The withdrawal of specific factorsdnotably the p38 inhibitor
and nicotinamidedinduces cellular differentiation, leading to the
formation of specialized cell types, including enterocytes, goblet
cells, and enterochromaffin cells, thereby mimicking the villus
domain organization [14,15].

A notable feature of these enteroid models is their retention of
region-specific gene expression patterns, corresponding to their site
of origindwhether derived from the duodenum, jejunum, or ileum.
This spatial memory phenomenon, maintained through distinctive
transcriptional profiles, enables the study of segment-specific in-
testinal functions and pathologies [16]. However, ISCs-derived in-
testinal organoids possess an important limitation: they are
composed exclusively of epithelial cell populations, lacking mesen-
chymal components. While this characteristic is advantageous for
studying epithelial-specific processes, it presents a significant
constraint for investigations requiring epithelialemesenchymal in-
teractions or stromal signaling networks (Fig. 1). As discussed in the
following section, GI organoids derived from pluripotent stem cells
(PSCs) have overcome this limitation by incorporating both epithe-
lial and mesenchymal components.
3. Gastrointestinal organoids from pluripotent stem cells
(PSCs): advanced models with multi-lineage complexity

The development of GI organoids from PSCs represents a pivotal
advancement in modeling complex intestinal tissue architecture.
PSCs, which are characterized by their capacity for self-renewal and
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pluripotent differentiation, can be directed toward an intestinal fate
by precisely recapitulating embryonic developmental signals. This
approach has facilitated the establishment of human intestinal
organoids (HIOs) that mimic small intestinal architecture [17]. By
modifying differentiation protocols, particularly through the tem-
poral activation of bone morphogenetic protein (BMP) signaling,
human colonic organoids (HCOs) have been generated, thereby
expanding the repertoire of intestinal models [18]. A defining
feature of PSCs-derived intestinal organoids is their incorporation
of both epithelial and mesenchymal components, creating a more
physiologically relevant tissue architecture (Fig. 1). Initial HIOs
exhibit characteristics of fetal intestinal tissue, lacking mature
markers such as sucrose-isomaltase and DEFA5 [19]. Various stra-
tegies have been developed to enhance HIOs maturation, including
kidney capsule engraftment [20] and interleukin-2 (IL-2) supple-
mentation [21], which promote the acquisition of adult intestinal
characteristics.

Advances in organoid complexity have also been achieved by
integrating neural components. For example, the incorporation of
neural crest cells during in vitro organogenesis has enabled the
development of HIOs with functional enteric nervous system ele-
ments [4]. Additionally, the advent of “mini-guts” marks a signifi-
cant milestone in organoid technology [5]. These advanced
structures incorporate cellular components from all three germ
layers: epithelial populations (including enterocytes, enterochro-
maffin cells, goblet cells, and intestinal stem cells), mesenchymal
derivatives (such as smooth muscle cells and interstitial cells of
Cajal), and neuronal elements. A notable innovation involves the
manipulation of epithelial polarity. Mini-guts naturally exhibit an
apical-out morphology and can be maintained in suspension cul-
ture without exogenous extracellular matrix (ECM) support, facil-
itating direct access to the luminal surface [5] (Fig. 1).
Complementary techniques have been developed to reverse the
polarity of conventional enteroids from apical-in to apical-out
orientations, enhancing experimental accessibility to the intesti-
nal apical surface [22] (Fig. 1). These structural advances have
significantly broadened the applications of organoid models in
studying intestinal physiology and pathology. For instance, mini-
guts have been used to examine the absorption of glucose, di-
peptides, and cholesterol, as well as the inhibitory effects of natural
ingredients on nutrient absorption, by simply adding these sub-
stances to the culture medium [23].

4. Integration of immune components in gastrointestinal
organoids: advancing physiological complexity

While conventional ISCs- and PSCs-derived intestinal organoids
have provided valuable insights into epithelial biology, they lack
the immune components that are integral to intestinal homeostasis
and disease pathogenesis. Recent technological innovations have
enabled the development of increasingly sophisticated immuno-
competent organoid systems (Fig. 1).

A pivotal breakthrough in immuneeepithelial modeling was
achieved with the integration of intraepithelial lymphocytes (IELs)
into mouse enteroid cultures [24]. This co-culture system uncov-
ered previously uncharacterized aspects of IEL dynamics within the
intestinal epithelium, offering new insights into immune surveil-
lancemechanisms. Further advancements included human-specific
models, where macrophages derived from peripheral blood were
successfully incorporated into monolayer cultures of human
enteroids on Transwell platforms [25]. These macrophage-
containing models have revealed multiple roles of tissue macro-
phages in the intestinal environment: maintaining epithelial bar-
rier integrity, modulating inflammatory responses, coordinating
host-microbiome interactions, and contributing to intestinal
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development and differentiation, thereby providing deeper in-
sights into immune-epithelial interactions in controlled and
physiologically relevant contexts.

Patient-derived organoid models have revolutionized our un-
derstanding of individual disease pathogenesis and enabled the
development of personalized treatment strategies. However, the
requirement for multiple tissue samples from the same patient has
posed significant limitations to this approach. A persistent chal-
lenge in the field has been the limited availability of matched
epithelial and immune cells from individual donors, crucial for
studying personalized immune responses. Recent innovations in
PSC technology have addressed this limitation: Tsuruta and col-
leagues demonstrated the feasibility of generating both intestinal
tissue and monocytes from an isogenic PSCs line source, with
subsequent differentiation of monocytes into tissue-resident mac-
rophages within mini-gut structures [26]. This isogenic approach
not only circumvents tissue accessibility constraints but also pro-
vides a coherent model for studying cellecell interactions.

Another significant advancement involved the discovery that
BMP signaling during HCO development can induce the formation
of hemogenic endothelium-like cells. This effect enables the co-
development of colonic organoids and tissue-resident macro-
phages without explicit co-culture procedures [27], representing a
substantial step toward recapitulating the developmental pro-
cesses that establish tissue-resident immune populations in vitro.

5. Applications in human disease etiology: from pathogen
interactions to therapeutic development

5.1. Advanced modeling of host-pathogen interactions

GI infectious diseases impose a substantial global health burden,
with a wide range of pathogensdincluding viruses, bacteria, and
parasitesdaffecting populations worldwide. For instance, nor-
ovirus impacts approximately 21million individuals annually in the
United States [28], while Salmonella species infect an estimated
93.8 million people globally [29]. The burden of intestinal parasitic
infections is particularly alarming, affecting 1.5 billion individuals
worldwide [30]. Despite their prevalence, understanding the mo-
lecular mechanisms of these infections and the complex dynamics
of host-pathogen interactions has been challenging due to the
species-specific nature of many pathogens and limitations in
traditional model systems.

The advent of human intestinal organoids has transformed the
study of pathogenic interactions by providing a physiologically
relevant context (Fig. 2). A pivotal achievement was the cultivation
of human norovirusda pathogen previously resistant to in vitro
culturedwithin human enteroids [31,32]. This breakthrough
enabled detailed investigations into host defense mechanisms,
revealing critical insights into interferon-mediated responses [33].
Beyond norovirus, human intestinal organoids have facilitated
studies of diverse viral pathogens, including rotavirus [34],
enterovirus [35], and SARS-CoV-2 [35e37]. These studies have
revealed key mechanisms of viral entry and replication, leading to
the identification of potential therapeutic targets and novel anti-
viral strategies.

Organoid models have also advanced the understanding of
bacterial pathogenesis, particularly in relation to clinically relevant
pathogens such as Salmonella species [38,39] and Clostridioides
difficile [40]. The conventional architecture of enteroids and HIOs,
where the apical epithelial surface is oriented inward, however,
presents technical challenges for infection studies, as pathogens
must be microinjected into the organoid lumen. The development
of apical-out organoid systems has addressed this limitation,
enabling more efficient and scalable approaches for studying



Fig. 2. Overview of intestinal organoid applications and the Zoobiquity approach in
organoid studies. Organoids derived from adult stem cells (ASCs) or PSCs can be used
for modeling host-pathogen interactions, refractory intestinal diseases, and genetic
disorders. Pathogens such as viruses, bacteria, parasites, and disease-related factors
(e.g., cytokines and hypoxia) can be applied to these systems for in-depth analyses.
Organoids also provide platforms for gene editing, patient-derived models, and
translational feedback to clinical settings. The Zoobiquity framework bridges human
and veterinary medicine, emphasizing shared diseases (e.g., zoonoses, IBD) and facil-
itating comparative studies integrating organoid-based insights with whole-body
systems.
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hostepathogen interactions and expanding their utility for high-
throughput screening applications in therapeutic development.

Translating research findings into therapeutic strategies re-
quires comprehensive analyses of host response mechanisms,
including epithelial barrier function, innate immune responses, and
pathogen-specific cellular tropism. Investigations into pathogen
behaviordsuch as mechanisms of cellular entry and replication,
virulence factor expression, and host cell manipulation strat-
egiesdhave provided valuable insights by establishing physiolog-
ically relevant human infection models, creating new opportunities
for therapeutic development. These mechanistic studies using hu-
man intestinal organoids lay the groundwork for identifying novel
drug targets and designing targeted interventions, offering unpar-
alleled insights into disease mechanisms previously inaccessible
with traditional model systems.
5.2. Mechanistic insights into refractory intestinal diseases

Refractory intestinal diseases, such as inflammatory bowel dis-
ease (IBD) and necrotizing enterocolitis (NEC), remain complex
challenges in gastroenterology. These disorders result from intri-
cate interactions among microbial dysbiosis, innate immune dys-
regulation, altered immune cell function, and environmental
factors, including dietary influences and smoking [41,42]. GI orga-
noid technology provides a powerful platform to dissect these
mechanisms under controlled experimental conditions (Fig. 2).

Studies using patient-derived organoids have provided insights
into potential cellular mechanisms of IBD pathogenesis. Enteroids
generated from patients with active IBD show differences in in-
testinal stem cell expression profiles compared to those derived
from healthy donors or patients in remission [43]. Enteroids from
severely inflamed tissues maintain structural abnormalities in tight
junctions and desmosomes, even in the absence of inflammatory
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stimuli [44], suggesting possible epigenetic or cellular memory
mechanisms. While these findings demonstrate the ability of
organoids to preserve certain disease-specific traits in vitro, further
investigation is needed to determine their clinical relevance and
utility in understanding the complex pathogenesis of IBD.

Organoid studies have also elucidated the role of inflammatory
mediators in IBD. Investigations into IL-17, a key Th17-associated
cytokine implicated in IBD pathogenesis [45], have demonstrated
its direct impact on intestinal epithelial cells, including reduced
proliferation and viability via caspase-1 (CASP1)-dependent
pyroptosis [46]. These results suggest that targeting IL-17 signaling
pathways could offer promising therapeutic opportunities. Addi-
tionally, chronic inflammation in IBD often results in intestinal
fibrosis, characterized by wall thickening, stricture formation, and
impaired motility [47]. Human PSC-derived intestinal organoids,
which incorporate both epithelial and mesenchymal components,
have been instrumental in studying this fibrotic process. Inflam-
matory conditions in these organoids induce extracellular matrix
(ECM) production [48], while TGF-b stimulation upregulates pro-
fibrotic genes, such as COL1A1 and FN1, in myofibroblasts [49].
Importantly, spironolactone has been identified as a potential
therapeutic agent capable of attenuating TGF-b-mediated fibrotic
responses in these models [49].

NEC research has similarly benefited from organoid technology.
For example, organoids derived from NEC patients display
compromised Wnt signaling and reduced proliferative capacity,
deficits that can be ameliorated with Wnt7b supplementation [50].
Mouse intestinal organoids exposed to NEC-associated conditions,
including hypoxia and pathogenic bacteria, revealed villus-region-
specific vulnerability to necroptosis [51]. These findings highlight
the significance of spatial differences in cell death signaling path-
ways. Furthermore, the therapeutic potential of human breast milk
and its oligosaccharide componentsdestablished clinical in-
terventions for NECdhas been validated in NEC-in-a-dish models
through their demonstrated anti-necroptotic effects [52].

While intestinal organoids replicate only a subset of gut func-
tions and cannot fully capture the multifactorial nature of re-
fractory intestinal diseases, they remain invaluable tools for
studying specific disease mechanisms. By focusing on epithelial
cell-autonomous responses and innate immune functions, orga-
noids enable the identification of key pathogenic signals and
therapeutic targets, driving progress in understanding these com-
plex diseases and developing innovative treatments.

5.3. Genetic disease modeling: advancing precision medicine
through patient-derived intestinal organoids

The integration of organoid technology into genetic disease
research has established an advanced platform for investigating
hereditary gastrointestinal disorders. Patient-derived intestinal
organoids, generated from ISCs or PSCs offer physiologically rele-
vant models that replicate key cellular and molecular features of
genetic diseases. By incorporating modern gene-editing technolo-
gies, these organoid systems facilitate bothmechanistic exploration
and therapeutic development (Fig. 2).

Cystic fibrosis (CF), a monogenic disorder caused by mutations
in the cystic fibrosis transmembrane conductance regulator (CFTR)
gene, primarily disrupts epithelial fluid transport, impacting mul-
tiple organ systems. Intestinal organoids have provided a robust
platform for studying CF through the widely adopted forskolin-
induced swelling assay [53]. This functional test exploits the fluid
movement facilitated by CFTR activity: normal organoids swell
upon forskolin stimulation, reflecting fluid movement from the
basolateral to the apical side, whereas organoids derived from CF
patients fail to exhibit this response due to defective CFTR function
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[53]. The therapeutic potential of genetic correction has been
demonstrated through CRISPR-Cas9 editing of patient-derived
organoids, where restoration of CFTR function resulted in the re-
covery of forskolin-induced swelling [54]. This accomplishment
underscores the potential of genetic correction as a therapeutic
strategy and positions organoid platforms as pivotal tools for
evaluating novel treatments.

Beyond CF, organoid technology holds significant potential for
other hereditary gastrointestinal disorders. For instance, organoids
derived from patients with familial adenomatous polyposis (FAP)
recapitulate APC mutation-driven tumor formation [55], while
organoids from patients with congenital diarrheal disorders such as
microvillus inclusion disease have helped elucidate cellular defects
in intestinal absorption [56]. Patient-derived organoids preserve
the full genetic context of the disease, includingmodifier genes that
may influence severity. This capability, coupled with the ability to
derive multiple organoid lines from a single patient, supports
robust experimental designs with well-matched controls. Further-
more, the combination of organoid technology with advanced
gene-editing tools enables the generation of isogenic organo-
idsdmodels that differ only in the disease-causing muta-
tiondenhancing precision in experimental studies [57].

Organoid platforms facilitate systematic characterization of
both well-established genetic conditions and variants of uncertain
significance through controlled genetic manipulation. Their ca-
pacity to replicate disease-specific phenotypes, coupled with the
precision of genetic editing, positions organoids as foundational
tools for advancing precision medicine in genetic disorders. Addi-
tionally, the sustained viability of organoid cultures allows for
detailed temporal analyses of disease progression and therapeutic
responses, providing critical insights into the dynamic nature of
hereditary disorders.

The synergy between organoid systems and emerging molecu-
lar technologies continues to expand the scope of disease modeling
and therapeutic screening. By enabling high-resolution studies of
inherited intestinal pathologies, organoid technology enhances our
understanding of their mechanisms and paves the way for inno-
vative therapeutic interventions, reinforcing its role as a corner-
stone in genetic disease research and treatment development.

6. Integration of Zoobiquity and stem cell technology: a novel
paradigm for translational medicine

6.1. Scientific rationale for the Zoobiquity approach

Recent regulatory advancements, including the December 2022
legislation by the U.S. Food and Drug Administration (FDA), have
removed the requirement for animal testing in drug development
[58]. While this shift reflects, in part, the significant progress made
in organoid technology, it highlights a pressing need for validating
the translational relevance of organoid systems to in vivo physi-
ology. Current limitations in correlating organoid responses with
organismal outcomes underscore the necessity for complementary
validation strategies. The Zoobiquity framework, which leverages
shared biological principles across species, provides a robust
foundation for addressing these translational challenges [59]
(Fig. 2).

Companion animals such as dogs and cats, which naturally
develop spontaneous diseases with notable parallels to human
conditions, represent a vital resource in this framework. For
example, IBD in these species closely mirrors the pathological
features of human IBD [11,60]. Additionally, companion animals are
susceptible to zoonotic pathogens, including Salmonella [61],
Campylobacter [62], and various parasitic organisms (Giardia,
Cryptosporidium, intestinal helminths) [63], alongside viral
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pathogens like norovirus and rotaviruses [64,65]. These infections
pose significant health burdens in both veterinary and human
medicine, often requiring prolonged antibiotic treatment and
supportive care, with potential long-term complications including
chronic inflammation and gut dysfunction. Current therapeutic
approaches are limited by increasing antimicrobial resistance and
incomplete understanding of host-pathogen interactions. We
expect that investigating these naturally occurring diseases
through the lens of intestinal organoids derived from companion
animals will provide novel insights into disease mechanisms and
therapeutic responses relevant to both human and veterinary
medicine, potentially leading to more effective treatments and
preventive strategies.

Furthermore, companion animal clinical trials will help bridge
the gap between preclinical organoid studies and human clinical
applications. Evaluating novel therapeutics in these trials will
provide intermediate data that may predict translational outcomes
more reliably than traditional animal models or human organoid
systems alone, and will have implications for both veterinary and
human medicine.

6.2. Advancement of veterinary stem cell technology

The establishment of intestinal organoids in companion animals
has closely mirrored the methodological advances achieved in
human systems. Researchers have successfully derived intestinal
organoids from canine and feline ISCs isolated from biopsy speci-
mens [66,67]. Notably, feline ISCs-derived organoids have shown
susceptibility to feline coronavirus infection. These studies revealed
the essential role of specific viral receptors and cellular proteases in
viral entry, providing insights into potential therapeutic targets and
underscoring their utility for studying infectious diseases [66].
While intestinal organoids derived from PSCs have not yet been
developed in companion animals, significant progress has been
achieved in establishing embryonic stem cells and induced
pluripotent stem cells (iPSCs) in canine [68e72] and feline [73,74]
species. Moreover, the successful differentiation of canine PSCs into
definitive endoderm [75] provides a foundation for generating
PSCs-derived intestinal organoids in these species. We anticipate
that these models will facilitate in-depth investigations into
developmental abnormalities, breed-specific genetic disorders, and
hostepathogen interactions, all within a physiologically relevant,
species-specific framework.

Recent technological advances in companion animal intestinal
organoid systems have established robust platforms that support
both fundamental research and therapeutic development. Building
on improved ISCs isolation methods and progress in PSCs differ-
entiation, these innovations enable a more precise study of species-
specific disease mechanisms. As these techniques, particularly
those related to PSCs-derived organoid generation and genetic
modification, continue to improve, researchers will be better
equipped to model complex diseases and test innovative treatment
strategies. Collectively, these achievements represent a significant
step forward in veterinary regenerative medicine and lay a critical
foundation for future comparative investigations and One Health
initiatives, ultimately fostering a more holistic understanding of
health across diverse species.

7. Conclusion and future perspectives

The development of intestinal organoid technology marks a
transformative advancement in GI research, offering unprece-
dented insights into fundamental biological processes and disease
mechanisms. These intricate three-dimensional culture systems
have proven invaluable across diverse research domains, including
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the study of infectious disease pathogenesis, refractory intestinal
disorders, and hereditary conditions. The progressive integration of
immune components has elevated the physiological relevance of
these models, enabling sophisticated investigations into intestinal
immune responses within controlled microenvironments. How-
ever, the increasing complexity of organoid systems introduces
analytical challenges, underscoring the importance of meticulous
experimental design and the careful selection of methodologies
tailored to specific research objectives.

Simultaneously, the growing recognition of the synergy be-
tween human and veterinary medicine presents new opportunities
for advancing global health. Companion animals, particularly dogs
and cats, serve as invaluable models for naturally occurring dis-
eases that exhibit remarkable homology to human conditions.
Applying organoid technology to these species not only enhances
our understanding of companion animal pathologies but also pro-
vides translational insights with direct relevance to human medi-
cine. This bidirectional exchange of knowledge exemplifies the
potential of the Zoobiquity framework, which highlights the shared
biological foundations across species.

Looking ahead, the integration of comparative biology princi-
ples with advanced organoid technologies holds the promise of
establishing increasingly sophisticated platforms for addressing
complex biological questions and driving the development of
innovative therapeutic strategies. As these experimental systems
evolve, tackling existing technical challenges and broadening their
applications across diverse species and disease contexts will be
essential. This integrated approach, leveraging the strengths of
both human and veterinary research, represents a pivotal step to-
ward achieving transformative therapeutic solutions that advance
health for all species within the framework of the One Health
paradigm.

Declaration of competing interest

The authors have no relevant conflicts of interest to declare.

Acknowledgments

This work was supported by grants from the Japan Health
Research Promotion Bureau Research Fund (2022-B-02) and the
Japan Agency for Medical Research and Development (AMED) un-
der grant numbers 24bm1323001h0302 and 24mk0121277h0001
(HA). MT was supported by a Grant-in-Aid for JSPS Fellows
(22J01591 and 22KJ3169).

References

[1] Pott J, Hornef M. Innate immune signalling at the intestinal epithelium in
homeostasis and disease. EMBO Rep 2012;13:684e98. https://doi.org/
10.1038/EMBOR.2012.96.

[2] Suchodolski JS. Companion animals symposium: microbes and gastrointes-
tinal health of dogs and cats. J Anim Sci 2011;89:1520e30. https://doi.org/
10.2527/JAS.2010-3377.

[3] Recaldin T, Steinacher L, Gjeta B, Harter MF, Adam L, Kromer K, et al. Human
organoids with an autologous tissue-resident immune compartment. Nature
2024;633:165e73. https://doi.org/10.1038/S41586-024-07791-5.

[4] Workman MJ, Mahe MM, Trisno S, Poling HM, Watson CL, Sundaram N, et al.
Engineered human pluripotent-stem-cell-derived intestinal tissues with a
functional enteric nervous system. Nat Med 2017;23:49e59. https://doi.org/
10.1038/NM.4233.

[5] Uchida H, Machida M, Miura T, Kawasaki T, Okazaki T, Sasaki K, et al.
A xenogeneic-free system generating functional human gut organoids from
pluripotent stem cells. JCI Insight 2017;2. https://doi.org/10.1172/
JCI.INSIGHT.86492.

[6] Singh A, Poling HM, Chaturvedi P, Thorner K, Sundaram N, Kechele DO, et al.
Transplanted human intestinal organoids: a resource for modeling human
intestinal development. Development 2023;150. https://doi.org/10.1242/
DEV.201416.
319
[7] de Poel E, Spelier S, Hagemeijer MC, van Mourik P, Suen SWF, Vonk AM, et al.
FDA-approved drug screening in patient-derived organoids demonstrates
potential of drug repurposing for rare cystic fibrosis genotypes. J Cyst Fibros
2023;22:548e59. https://doi.org/10.1016/J.JCF.2023.03.004.

[8] Wells RG. One what? Why GI researchers should know and care about the One
Health initiative. Cell Mol Gastroenterol Hepatol 2016;2:701e3. https://
doi.org/10.1016/J.JCMGH.2016.09.008.

[9] Kol A, Arzi B, Athanasiou KA, Farmer DL, Nolta JA, Rebhun RB, et al. Companion
animals: translational scientist's new best friends. Sci Transl Med 2015;7.
https://doi.org/10.1126/SCITRANSLMED.AAA9116.

[10] Vaure C, Liu Y. A comparative review of toll-like receptor 4 expression and
functionality in different animal species. Front Immunol 2014;5. https://
doi.org/10.3389/FIMMU.2014.00316.

[11] Cerquetella M, Spaterna A, Laus F, Tesei B, Rossi G, Antonelli E, et al. Inflam-
matory bowel disease in the dog: differences and similarities with humans.
World J Gastroenterol 2010;16:1050e6. https://doi.org/10.3748/
WJG.V16.I9.1050.

[12] Gordon I, Paoloni M, Mazcko C, Khanna C. The comparative oncology trials
consortium: using spontaneously occurring cancers in dogs to inform the
cancer drug development pathway. PLoS Med 2009;6. https://doi.org/
10.1371/JOURNAL.PMED.1000161.

[13] 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 mesen-
chymal niche. Nature 2009;459:262e5. https://doi.org/10.1038/NATURE07935.

[14] Sato T, Stange DE, Ferrante M, Vries RGJ, Van Es JH, Van Den Brink S, et al.
Long-term expansion of epithelial organoids from human colon, adenoma,
adenocarcinoma, and Barrett's epithelium. Gastroenterology 2011;141:
1762e72. https://doi.org/10.1053/J.GASTRO.2011.07.050.

[15] VanDussen KL, Marinshaw JM, Shaikh N, Miyoshi H, Moon C, Tarr PI, et al.
Development of an enhanced human gastrointestinal epithelial culture sys-
tem to facilitate patient-based assays. Gut 2015;64:911e20. https://doi.org/
10.1136/GUTJNL-2013-306651.

[16] Middendorp S, Schneeberger K, Wiegerinck CL, Mokry M, Akkerman RDL, Van
Wijngaarden S, et al. Adult stem cells in the small intestine are intrinsically
programmed with their location-specific function. Stem Cell 2014;32:
1083e91. https://doi.org/10.1002/STEM.1655.

[17] Spence JR, Mayhew CN, Rankin SA, Kuhar MF, Vallance JE, Tolle K, et al.
Directed differentiation of human pluripotent stem cells into intestinal tissue
in vitro. Nature 2011;470:105e10. https://doi.org/10.1038/NATURE09691.

[18] Múnera JO, Sundaram N, Rankin SA, Hill D, Watson C, Mahe M, et al. Differ-
entiation of human pluripotent stem cells into colonic organoids via transient
activation of BMP signaling. Cell Stem Cell 2019;24:829. https://doi.org/
10.1016/J.STEM.2019.04.002.

[19] Finkbeiner SR, Hill DR, Altheim CH, Dedhia PH, Taylor MJ, Tsai YH, et al.
Transcriptome-wide analysis reveals hallmarks of human intestine develop-
ment and maturation in vitro and in vivo. Stem Cell Rep 2015;4:1140e55.
https://doi.org/10.1016/J.STEMCR.2015.04.010.

[20] Watson CL, Mahe MM, Múnera J, Howell JC, Sundaram N, Poling HM, et al. An
in vivo model of human small intestine using pluripotent stem cells. Nat Med
2014;20:1310e4. https://doi.org/10.1038/NM.3737.

[21] Jung KB, Lee H, Son YS, Lee MO, Kim YD, Oh SJ, et al. Interleukin-2 induces the
in vitro maturation of human pluripotent stem cell-derived intestinal orga-
noids. Nat Commun 2018;9. https://doi.org/10.1038/S41467-018-05450-8.

[22] Co JY, Margalef-Catal�a M, Li X, Mah AT, Kuo CJ, Monack DM, et al. Controlling
epithelial polarity: a human enteroid model for host-pathogen interactions. Cell
Rep 2019;26:2509e2520.e4. https://doi.org/10.1016/J.CELREP.2019.01.108.

[23] Inoue M, Tanaka Y, Matsushita S, Shimozaki Y, Ayame H, Akutsu H. Xenoge-
neic-free human intestinal organoids for assessing intestinal nutrient ab-
sorption. Nutrients 2022;14. https://doi.org/10.3390/NU14030438.

[24] Nozaki K, Mochizuki W, Matsumoto Y, Matsumoto T, Fukuda M, Mizutani T,
et al. Co-culture with intestinal epithelial organoids allows efficient expansion
and motility analysis of intraepithelial lymphocytes. J Gastroenterol 2016;51:
206e13. https://doi.org/10.1007/S00535-016-1170-8.

[25] Noel G, Baetz NW, Staab JF, Donowitz M, Kovbasnjuk O, Pasetti MF, et al.
A primary human macrophage-enteroid co-culture model to investigate
mucosal gut physiology and host-pathogen interactions. Sci Rep 2017;7.
https://doi.org/10.1038/SREP45270.

[26] Tsuruta S, Kawasaki T, Machida M, Iwatsuki K, Inaba A, Shibata S, et al.
Development of human gut organoids with resident tissue macrophages as a
model of intestinal immune responses. Cell Mol Gastroenterol Hepatol
2022;14:726e729.e5. https://doi.org/10.1016/J.JCMGH.2022.06.006.

[27] Múnera JO, Kechele DO, Bouffi C, Qu N, Jing R, Maity P, et al. Development of
functional resident macrophages in human pluripotent stem cell-derived
colonic organoids and human fetal colon. Cell Stem Cell 2023;30:
1434e1451.e9. https://doi.org/10.1016/J.STEM.2023.10.002.

[28] Robilotti E, Deresinski S, Pinsky BA. Norovirus. Clin Microbiol Rev 2015;28:
134e64. https://doi.org/10.1128/CMR.00075-14.

[29] Majowicz SE, Musto J, Scallan E, Angulo FJ, Kirk M, O'Brien SJ, et al. The global
burden of nontyphoidal Salmonella gastroenteritis. Clin Infect Dis 2010;50:
882e9. https://doi.org/10.1086/650733.

[30] Ahmed M. Intestinal parasitic infections in 2023. Gastroenterology Res
2023;16:127e40. https://doi.org/10.14740/GR1622.

[31] Ettayebi K, Crawford SE, Murakami K, Broughman JR, Karandikar U, Tenge VR,
et al. Replication of human noroviruses in stem cell-derived human enteroids.
Science 2016;353:1387e93. https://doi.org/10.1126/SCIENCE.AAF5211.

https://doi.org/10.1038/EMBOR.2012.96
https://doi.org/10.1038/EMBOR.2012.96
https://doi.org/10.2527/JAS.2010-3377
https://doi.org/10.2527/JAS.2010-3377
https://doi.org/10.1038/S41586-024-07791-5
https://doi.org/10.1038/NM.4233
https://doi.org/10.1038/NM.4233
https://doi.org/10.1172/JCI.INSIGHT.86492
https://doi.org/10.1172/JCI.INSIGHT.86492
https://doi.org/10.1242/DEV.201416
https://doi.org/10.1242/DEV.201416
https://doi.org/10.1016/J.JCF.2023.03.004
https://doi.org/10.1016/J.JCMGH.2016.09.008
https://doi.org/10.1016/J.JCMGH.2016.09.008
https://doi.org/10.1126/SCITRANSLMED.AAA9116
https://doi.org/10.3389/FIMMU.2014.00316
https://doi.org/10.3389/FIMMU.2014.00316
https://doi.org/10.3748/WJG.V16.I9.1050
https://doi.org/10.3748/WJG.V16.I9.1050
https://doi.org/10.1371/JOURNAL.PMED.1000161
https://doi.org/10.1371/JOURNAL.PMED.1000161
https://doi.org/10.1038/NATURE07935
https://doi.org/10.1053/J.GASTRO.2011.07.050
https://doi.org/10.1136/GUTJNL-2013-306651
https://doi.org/10.1136/GUTJNL-2013-306651
https://doi.org/10.1002/STEM.1655
https://doi.org/10.1038/NATURE09691
https://doi.org/10.1016/J.STEM.2019.04.002
https://doi.org/10.1016/J.STEM.2019.04.002
https://doi.org/10.1016/J.STEMCR.2015.04.010
https://doi.org/10.1038/NM.3737
https://doi.org/10.1038/S41467-018-05450-8
https://doi.org/10.1016/J.CELREP.2019.01.108
https://doi.org/10.3390/NU14030438
https://doi.org/10.1007/S00535-016-1170-8
https://doi.org/10.1038/SREP45270
https://doi.org/10.1016/J.JCMGH.2022.06.006
https://doi.org/10.1016/J.STEM.2023.10.002
https://doi.org/10.1128/CMR.00075-14
https://doi.org/10.1086/650733
https://doi.org/10.14740/GR1622
https://doi.org/10.1126/SCIENCE.AAF5211


M. Tsukamoto and H. Akutsu Regenerative Therapy 28 (2025) 314e320
[32] Mirabelli C, Santos-Ferreira N, Gillilland MG, Cieza RJ, Colacino JA, Sexton JZ,
et al. Human norovirus efficiently replicates in differentiated 3D-human in-
testinal enteroids. J Virol 2022;96. https://doi.org/10.1128/JVI.00855-22.

[33] Lin SC, Qu L, Ettayebi K, Crawford SE, Blutt SE, Robertson MJ, et al. Human
norovirus exhibits strain-specific sensitivity to host interferon pathways in
human intestinal enteroids. Proc Natl Acad Sci U S A 2020;117:23782e93.
https://doi.org/10.1073/PNAS.2010834117.

[34] Yin Y, Bijvelds M, Dang W, Xu L, Van Der Eijk AA, Knipping K, et al. Modeling
rotavirus infection and antiviral therapy using primary intestinal organoids.
Antiviral Res 2015;123:120e31. https://doi.org/10.1016/
J.ANTIVIRAL.2015.09.010.

[35] Zhao X, Li C, Liu X, Chiu MC, Wang D, Wei Y, et al. Human intestinal organoids
recapitulate enteric infections of enterovirus and coronavirus. Stem Cell Rep
2021;16:493e504. https://doi.org/10.1016/J.STEMCR.2021.02.009.

[36] Mahalingam R, Dharmalingam P, Santhanam A, Kotla S, Davuluri G,
Karmouty-Quintana H, et al. Single-cell RNA sequencing analysis of SARS-
CoV-2 entry receptors in human organoids. J Cell Physiol 2021;236:2950e8.
https://doi.org/10.1002/JCP.30054.

[37] Miyakawa K, Machida M, Kawasaki T, Nishi M, Akutsu H, Ryo A. Reduced
replication efficacy of severe acute respiratory syndrome coronavirus 2 omi-
cron variant in “Mini-gut” organoids. Gastroenterology 2022;163:514e6.
https://doi.org/10.1053/J.GASTRO.2022.04.043.

[38] Abuaita BH, Lawrence ALE, Berger RP, Hill DR, Huang S, Yadagiri VK, et al.
Comparative transcriptional profiling of the early host response to infection
by typhoidal and non-typhoidal Salmonella serovars in human intestinal
organoids. PLoS Pathog 2021;17. https://doi.org/10.1371/
JOURNAL.PPAT.1009987.

[39] Lawrence ALE, Abuaita BH, Berger RP, Hill DR, Huang S, Yadagiri VK, et al.
Salmonella enterica serovar typhimurium SPI-1 and SPI-2 shape the global
transcriptional landscape in a human intestinal organoid model system. mBio
2021;12. https://doi.org/10.1128/MBIO.00399-21.

[40] Leslie JL, Huang S, Opp JS, Nagy MS, Kobayashi M, Young VB, et al. Persistence
and toxin production by Clostridium difficile within human intestinal orga-
noids result in disruption of epithelial paracellular barrier function. Infect
Immun 2015;83:138e45. https://doi.org/10.1128/IAI.02561-14.

[41] Schnabl KL, Van Aerde JE, Thomson ABR, Clandinin MT. Necrotizing entero-
colitis: a multifactorial disease with no cure. World J Gastroenterol 2008;14:
2142e61. https://doi.org/10.3748/WJG.14.2142.

[42] Vedamurthy A, Ananthakrishnan AN. Influence of environmental factors in
the development of inflammatory bowel diseases. World J Gastrointest
Pharmacol Ther 2016;7:72e82. https://doi.org/10.4292/WJGPT.V7.I1.112.

[43] Suzuki K, Murano T, Shimizu H, Ito G, Nakata T, Fujii S, et al. Single cell analysis
of Crohn's disease patient-derived small intestinal organoids reveals disease
activity-dependent modification of stem cell properties. J Gastroenterol
2018;53:1035e47. https://doi.org/10.1007/S00535-018-1437-3.

[44] Meir M, Salm J, Fey C, Schweinlin M, Kollmann C, Kannapin F, et al. Enteroids
generated from patients with severe inflammation in crohn's disease main-
tain alterations of junctional proteins. J Crohns Colitis 2020;14:1473e87.
https://doi.org/10.1093/ECCO-JCC/JJAA085.

[45] Amatya N, Garg AV, Gaffen SL. IL-17 signaling: the Yin and the Yang. Trends
Immunol 2017;38:310e22. https://doi.org/10.1016/J.IT.2017.01.006.

[46] Lee C, Song JH, Cha YE, Chang DK, Kim YH, Hong SN. Intestinal epithelial re-
sponses to IL-17 in adult stem cell-derived human intestinal organoids.
J Crohns Colitis 2022;16:1911e23. https://doi.org/10.1093/ECCO-JCC/JJAC101.

[47] Xin S, Liu X, He C, Gao H, Wang B, Hua R, et al. Inflammation accelerating
intestinal fibrosis: from mechanism to clinic. Eur J Med Res 2024;29. https://
doi.org/10.1186/S40001-024-01932-2.

[48] Kandilogiannakis L, Filidou E, Drygiannakis I, Tarapatzi G, Didaskalou S,
Koffa M, et al. Development of a human intestinal organoid model for in vitro
studies on gut inflammation and fibrosis. Stem Cells Int 2021;2021. https://
doi.org/10.1155/2021/9929461.

[49] Rodansky ES, Johnson LA, Huang S, Spence JR, Higgins PDR. Intestinal orga-
noids: a model of intestinal fibrosis for evaluating anti-fibrotic drugs. Exp Mol
Pathol 2015;98:346e51. https://doi.org/10.1016/J.YEXMP.2015.03.033.

[50] Li B, Lee C, Cadete M, Zhu H, Koike Y, Hock A, et al. Impaired Wnt/b-catenin
pathway leads to dysfunction of intestinal regeneration during necrotizing
enterocolitis. Cell Death Dis 2019;10. https://doi.org/10.1038/S41419-019-
1987-1.

[51] Werts AD, Fulton WB, Ladd MR, Saad-Eldin A, Chen YX, Kovler ML, et al.
A novel role for necroptosis in the pathogenesis of necrotizing enterocolitis.
Cell Mol Gastroenterol Hepatol 2020;9:403e23. https://doi.org/10.1016/
J.JCMGH.2019.11.002.

[52] Bode L. Human milk oligosaccharides in the prevention of necrotizing entero-
colitis: a Journey from in vitro and in vivo models to mother-infant cohort
studies. Front Pediatr 2018;6. https://doi.org/10.3389/FPED.2018.00385.

[53] Dekkers JF, Wiegerinck CL, De Jonge HR, Bronsveld I, Janssens HM, De Winter-
De Groot KM, et al. A functional CFTR assay using primary cystic fibrosis in-
testinal organoids. Nat Med 2013;19:939e45. https://doi.org/10.1038/
NM.3201.
320
[54] Schwank G, Koo BK, Sasselli V, Dekkers JF, Heo I, Demircan T, et al. Functional
repair of CFTR by CRISPR/Cas9 in intestinal stem cell organoids of cystic
fibrosis patients. Cell Stem Cell 2013;13:653e8. https://doi.org/10.1016/
J.STEM.2013.11.002.

[55] Sommer CA, Capilla A, Molina-Estevez FJ, Gianotti-Sommer A, Skvir N,
Caballero I, et al. Modeling APC mutagenesis and familial adenomatous pol-
yposis using human iPS cells. PLoS One 2018;13. https://doi.org/10.1371/
JOURNAL.PONE.0200657.

[56] Kalashyan M, Raghunathan K, Oller H, Bayer MT, Jimenez L, Roland JT, et al.
Patient-derived enteroids provide a platform for the development of thera-
peutic approaches in microvillus inclusion disease. J Clin Invest 2023;133.
https://doi.org/10.1172/JCI169234.

[57] Celotti M, van Es J, Celotti M, Derks LLM, van Es J, van Boxtel R, et al. Protocol
to create isogenic disease models from adult stem cell-derived organoids
using next-generation CRISPR tools. STAR Protoc 2024;5. https://doi.org/
10.1016/J.XPRO.2024.103189.

[58] Wadman M. FDA no longer has to require animal testing for new drugs.
Science 2023;379:127e8. https://doi.org/10.1126/SCIENCE.ADG6276.

[59] Lerner H, Berg C. The concept of health in One Health and some practical
implications for research and education: what is One Health? Infect Ecol
Epidemiol 2015;5:25300. https://doi.org/10.3402/IEE.V5.25300.

[60] Jergens AE. Feline idiopathic inflammatory bowel disease: what we know and
what remains to be unraveled. J Feline Med Surg 2012;14:445e58. https://
doi.org/10.1177/1098612X12451548.

[61] Dr�o _zd _z M, Małaszczuk M, Paluch E, Pawlak A. Zoonotic potential and preva-
lence of Salmonella serovars isolated from pets. Infect Ecol Epidemiol
2021;11. https://doi.org/10.1080/20008686.2021.1975530.

[62] Campagnolo ER, Philipp LM, Long JM, Hanshaw NL. Pet-associated Campylo-
bacteriosis: a persisting public health concern. Zoonoses Public Health
2018;65:304e11. https://doi.org/10.1111/ZPH.12389.

[63] Robertson ID, Irwin PJ, Lymbery AJ, Thompson RCA. The role of companion
animals in the emergence of parasitic zoonoses. Int J Parasitol 2000;30:
1369e77. https://doi.org/10.1016/S0020-7519(00)00134-X.

[64] Caddy SL, De Rougemont A, Emmott E, El-Attar L, Mitchell JA, Hollinshead M,
et al. Evidence for human norovirus infection of dogs in the United Kingdom.
J Clin Microbiol 2015;53:1873e83. https://doi.org/10.1128/JCM.02778-14.

[65] Martella V, B�anyai K, Matthijnssens J, Buonavoglia C, Ciarlet M. Zoonotic as-
pects of rotaviruses. Vet Microbiol 2010;140:246e55. https://doi.org/10.1016/
J.VETMIC.2009.08.028.

[66] Tekes G, Ehmann R, Boulant S, Stanifer ML. Development of feline ileum- and
colon-derived organoids and their potential use to support feline coronavirus
infection. Cells 2020;9:1e15. https://doi.org/10.3390/CELLS9092085.

[67] Chandra L, Borcherding DC, Kingsbury D, Atherly T, Ambrosini YM, Bourgois-
Mochel A, et al. Derivation of adult canine intestinal organoids for trans-
lational research in gastroenterology. BMC Biol 2019;17. https://doi.org/
10.1186/S12915-019-0652-6.

[68] Wilcox JT, Semple E, Gartley C, Brisson BA, Perrault SD, Villag�omez DAF, et al.
Characterization of canine embryonic stem cell lines derived from different
niche microenvironments. Stem Cells Dev 2009;18:1167e78. https://doi.org/
10.1089/SCD.2008.0336.

[69] Vaags AK, Rosic-Kablar S, Gartley CJ, Zheng YZ, Chesney A, Villag�omez DAF,
et al. Derivation and characterization of canine embryonic stem cell lines with
in vitro and in vivo differentiation potential. Stem Cell 2009;27:329e40.
https://doi.org/10.1634/STEMCELLS.2008-0433.

[70] Hatoya S, Torii R, Kondo Y, Okuno T, Kobayashi K, Wijewardana V, et al.
Isolation and characterization of embryonic stem-like cells from canine
blastocysts. Mol Reprod Dev 2006;73:298e305. https://doi.org/10.1002/
MRD.20392.

[71] Kimura K, Tsukamoto M, Tanaka M, Kuwamura M, Ohtaka M, Nishimura K,
et al. Efficient reprogramming of canine peripheral blood mononuclear cells
into induced pluripotent stem cells. Stem Cells Dev 2021;30:79e90. https://
doi.org/10.1089/SCD.2020.0084.

[72] Tsukamoto M, Kimura K, Yoshida T, Tanaka M, Kuwamura M, Ayabe T, et al.
Generation of canine induced pluripotent stem cells under feeder-free con-
ditions using Sendai virus vector encoding six canine reprogramming factors.
Stem Cell Rep 2024;19:141e57. https://doi.org/10.1016/
J.STEMCR.2023.11.010.

[73] Yoshida T, Tsukamoto M, Kimura K, Tanaka M, Kuwamura M, Hatoya S.
Establishment of feline embryonic stem cells from the inner cell mass of
blastocysts produced in vitro. Regen Ther 2025;28:63e72. https://doi.org/10.
1016/j.reth.2024.11.010.

[74] Kimura K, Tsukamoto M, Sugisaki H, Tanaka M, Kuwamura M, Matsumoto Y,
et al. Generation of footprint-free, high-quality feline induced pluripotent
stem cells using Sendai virus vector. Regen Ther 2024;26:708e16. https://
doi.org/10.1016/J.RETH.2024.08.012.

[75] Tsukamoto M, Kimura K, Yoshida T, Sugiura K, Hatoya S. Canine induced
pluripotent stem cells efficiently differentiate into definitive endoderm in 3D
cell culture conditions using high-dose activin A. Regen Ther 2022;21:
502e10. https://doi.org/10.1016/J.RETH.2022.10.002.

https://doi.org/10.1128/JVI.00855-22
https://doi.org/10.1073/PNAS.2010834117
https://doi.org/10.1016/J.ANTIVIRAL.2015.09.010
https://doi.org/10.1016/J.ANTIVIRAL.2015.09.010
https://doi.org/10.1016/J.STEMCR.2021.02.009
https://doi.org/10.1002/JCP.30054
https://doi.org/10.1053/J.GASTRO.2022.04.043
https://doi.org/10.1371/JOURNAL.PPAT.1009987
https://doi.org/10.1371/JOURNAL.PPAT.1009987
https://doi.org/10.1128/MBIO.00399-21
https://doi.org/10.1128/IAI.02561-14
https://doi.org/10.3748/WJG.14.2142
https://doi.org/10.4292/WJGPT.V7.I1.112
https://doi.org/10.1007/S00535-018-1437-3
https://doi.org/10.1093/ECCO-JCC/JJAA085
https://doi.org/10.1016/J.IT.2017.01.006
https://doi.org/10.1093/ECCO-JCC/JJAC101
https://doi.org/10.1186/S40001-024-01932-2
https://doi.org/10.1186/S40001-024-01932-2
https://doi.org/10.1155/2021/9929461
https://doi.org/10.1155/2021/9929461
https://doi.org/10.1016/J.YEXMP.2015.03.033
https://doi.org/10.1038/S41419-019-1987-1
https://doi.org/10.1038/S41419-019-1987-1
https://doi.org/10.1016/J.JCMGH.2019.11.002
https://doi.org/10.1016/J.JCMGH.2019.11.002
https://doi.org/10.3389/FPED.2018.00385
https://doi.org/10.1038/NM.3201
https://doi.org/10.1038/NM.3201
https://doi.org/10.1016/J.STEM.2013.11.002
https://doi.org/10.1016/J.STEM.2013.11.002
https://doi.org/10.1371/JOURNAL.PONE.0200657
https://doi.org/10.1371/JOURNAL.PONE.0200657
https://doi.org/10.1172/JCI169234
https://doi.org/10.1016/J.XPRO.2024.103189
https://doi.org/10.1016/J.XPRO.2024.103189
https://doi.org/10.1126/SCIENCE.ADG6276
https://doi.org/10.3402/IEE.V5.25300
https://doi.org/10.1177/1098612X12451548
https://doi.org/10.1177/1098612X12451548
https://doi.org/10.1080/20008686.2021.1975530
https://doi.org/10.1111/ZPH.12389
https://doi.org/10.1016/S0020-7519(00)00134-X
https://doi.org/10.1128/JCM.02778-14
https://doi.org/10.1016/J.VETMIC.2009.08.028
https://doi.org/10.1016/J.VETMIC.2009.08.028
https://doi.org/10.3390/CELLS9092085
https://doi.org/10.1186/S12915-019-0652-6
https://doi.org/10.1186/S12915-019-0652-6
https://doi.org/10.1089/SCD.2008.0336
https://doi.org/10.1089/SCD.2008.0336
https://doi.org/10.1634/STEMCELLS.2008-0433
https://doi.org/10.1002/MRD.20392
https://doi.org/10.1002/MRD.20392
https://doi.org/10.1089/SCD.2020.0084
https://doi.org/10.1089/SCD.2020.0084
https://doi.org/10.1016/J.STEMCR.2023.11.010
https://doi.org/10.1016/J.STEMCR.2023.11.010
https://doi.org/10.1016/j.reth.2024.11.010
https://doi.org/10.1016/j.reth.2024.11.010
https://doi.org/10.1016/J.RETH.2024.08.012
https://doi.org/10.1016/J.RETH.2024.08.012
https://doi.org/10.1016/J.RETH.2022.10.002

	Comparative gastrointestinal organoid models across species: A Zoobiquity approach for precision medicine
	1. Introduction
	2. Gastrointestinal organoids from intestinal stem cells (ISCs)
	3. Gastrointestinal organoids from pluripotent stem cells (PSCs): advanced models with multi-lineage complexity
	4. Integration of immune components in gastrointestinal organoids: advancing physiological complexity
	5. Applications in human disease etiology: from pathogen interactions to therapeutic development
	5.1. Advanced modeling of host-pathogen interactions
	5.2. Mechanistic insights into refractory intestinal diseases
	5.3. Genetic disease modeling: advancing precision medicine through patient-derived intestinal organoids

	6. Integration of Zoobiquity and stem cell technology: a novel paradigm for translational medicine
	6.1. Scientific rationale for the Zoobiquity approach
	6.2. Advancement of veterinary stem cell technology

	7. Conclusion and future perspectives
	Declaration of competing interest
	Acknowledgments
	References


