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Abstract

Organoid transplantation is an emerging regenerative medicine with the potential to
address the global organ shortage. Organoids, as three-dimensional (3D), miniature structures
derived from stem cells, can mimic structural and functional aspects of human organs. This paper
explores the current research and clinical testing of organoid transplantation and states the
advantages of organoid transplantation over traditional transplants, including immune
compatibility and scalable production, while also acknowledging challenges such as
vascularization and manufacturing complexity. Future directions include technologies such as 3D
bioprinting, which may enhance clinical translation. With continued development, organoid
transplantation holds the potential to transform treatment strategies for end-stage organ failure
and become a cornerstone in regenerative medicine.
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Introduction

Organ donor shortage has been a problem for several decades, and the gap between
supply and demand is steadily increasing. As of 2024, there are more than 100,000 patients on
the national transplant waiting list, with a new person added every 8 minutes. An average of 13
people die each day waiting for an organ transplant (HRSA, 2024).

The main cause of the organ donor shortage is the low registration rates. However, many
other factors contribute to it. The process is complicated by strict donor-recipient compatibility
requirements, such as blood type, body size, age, and tissue matching (OPTN, n.d). In addition, a
high family refusal rate often prevents organ recovery. A study over a 12-year period found that

the rate of family refusal to organ donation was 51% (Leblebici, 2021). These complications,
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along with many others, limit the availability of transplantable organs. However, advancements
in the area of regenerative medicine have led to many revolutionary alternatives for conventional
medical treatments. Among these innovations is organoid transplantation, an emerging
technology that may solve the organ donor shortage and eliminate the need for organ donors
altogether.

Discussion

Organoids are tiny, three-dimensional (3D) in vitro culturing systems that originate from
stem cells, capable of mimicking the structural and functional specificities of an organ. They can
be generated from several types of stem cells, including embryonic stem cells (ESCs), induced
pluripotent stem cells (iPSCs), or adult stem cells (ASCs). The formation of organoids involves
guided differentiation using specific signaling molecules and manipulation of the culture
environment, causing stem cells to aggregate and mature into structures that resemble miniature
organs(Yin et al., 2016). Organoids exhibit significant physiological activity, enabling them to
partially restore organ function. For instance, liver organoids have demonstrated the capacity to
perform detoxification and protein synthesis (Gong et al., 2025), while kidney organoids have
shown promise in replicating nephron activity (Tekguc et al., 2022). The concept of organoids
has roots traced back as early as 1907, in which experiments by Wilson demonstrated that
sponge cells could reaggregate into functional organisms when cultured in vivo (Kimura et al.,
2024; Wilson, 1907), but organoids started gaining traction in the late 2000s due to studies from
two different groups, led by Sasai and Clevers. Sasai et al. developed cerebral cortex and optic
cup tissues from pluripotent stem cells by mimicking brain development (Sasai et al., 2015).
Clevers et al. demonstrated that intestinal stem cells can be cultured in an extracellular matrix

substitute, forming complex 3D cultures with various differentiated cell types (Clevers et al.,
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2009). These structures are now recognized as the first organoids. To date, scientists have
successfully developed 3D organoids that mimic a wide variety of organs that are used for a
variety of purposes, such as studying organ development, disease modeling, drug discovery, and
regenerative medicine (Silva-Pedrosa et al., 2023).

Among the diverse applications for organoids, organoid transplantation, a process in
which scientists transplant organoids as therapeutic agents into a living organism, stands out as a
promising strategy. While the main goal of this method is to replace or repair damaged tissue,
scientists also use organoid transplantation for disease modeling (Lancaster et al., 2019). While
relatively new, the research for organoid transplantation is rapidly advancing, with many animal
studies and the first human clinical trial started in 2022 by the Tokyo Medical and Dental
University research team (ScienceTokyo, 2022). Among the many organoids under active
development for transplantation are kidney, liver, and intestinal organoids. Each organoid is at a
varying level of advancement and shows potential in addressing organ-specific diseases.

Intestine Organoids

Intestinal organoids are being developed to treat Inflammatory Bowel Diseases (IBD), a
group of chronic inflammatory diseases that cause inflammation in the Gastrointestinal (GI)
tract, such as Ulcerative Colitis (UC) and Crohn’s Disease (CD). Several types of stem cells have
been used and evaluated for IBD treatments, with the most promising being Intestinal Stem Cells
(ISCs) (Coll et al., 2024). ISCs are located in the lining of the GI tract and are responsible for the
continuous regeneration of the intestinal lining. Using ISCs, scientists have formed murine and
human intestinal organoids with a structure closely resembling native intestinal epithelium (Sato
et al., 2011). Many animal trials, mainly using mice, have taken place, including studies on

injury repair and immune responses (Watanabe et al., 2022; Zhang et al., 2023).
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In 2018, a study successfully transplanted typical human colonic organoids into the colons of
mice. The process involved creating an orthotopic xenograft system for human colon organoids
to enable a stable reconstruction of the human colon epithelium in vivo. To prevent the
displacement of xenografted organoids by remaining murine crypts, the mouse epithelium was
completely removed. The xenografted organoids formed crypt structures that preserved the key
features of the human colon (Sugimoto et al., 2018). The same group has also introduced a new
cocktail of growth factors, which could contribute to the scalability and transfectability of the
organoids for studying human intestinal tissue-based diseases (Sugimoto et al., 2020).

The first clinical transplantation of an organoid into a patient with UC, by Tokyo Medical and
Dental University, took place in 2022 (ScienceTokyo, 2022). It is an ongoing clinical trial aiming
to assess the therapeutic benefits of transplanting colonic organoids as a regenerative therapy for
patients with UC who have not responded to conventional treatment (Coll et al., 2024). Scientists
harvested and cultured healthy colonic mucosa from the patient for a month into spherical
organoids, one of which was then transplanted into the colon using a colonoscopy. Follow-up
medical examinations were conducted 4 and 8 weeks after the transplantation, and the patient
was monitored for one year to assess safety and efficiency. A second study is planned to be
performed with up to 8 patients (ScienceTokyo, 2022).

Liver Organoids

Another organ that scientists are developing organoids for is the liver, the
second most in-demand organ in demand, with around 9000 patients on the current national
waiting list (OPTN, 2025). Human Liver Organoids (HLOs), derived from ASCs or PSCs, were
developed to serve as an alternative to liver transplant therapy in treating liver diseases, such as
chronic liver disease, which accounts for ~ 2 million deaths per year (Reza et al., 2021).

Scientists have
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yet to achieve sustained survival of transplanted tissue, and therefore, no human clinical trials
have taken place. However, the safety and functionality of liver organoids have been tested in
many cases of animal trials (Hu et al., 2018; Tsuchida et al., 2019).

In 2018, Hu et al. injected HLOs derived from single hepatocytes and grown for multiple months
while maintaining key morphology, functional, and gene expression features. The organoids
resembled proliferating hepatocytes typically seen after partial hepatectomy and maintained
proliferation following engraftment into immunodeficient mice with liver injury, effectively
mimicking the hepatocytes’ regenerative response to damage (Hu et al., 2018).

Another animal trial that took place in 2019 consisted of a portal vein injection, injection through
a major blood vessel connecting the liver and the digestive tract, of fetal liver and human
hiPSC-derived HLOs, which was safe and effective in treating rat chronic liver damage
(Tsuchida et al., 2019). After 120 days, approximately 70% of the damaged liver had
regenerated, with an almost 100% survival rate. These results demonstrate both the safety of the
liver organoids and their potential to fully replace a chronically damaged liver.

Kidney Organoids

The kidney is the highest organ in demand, with more than 90,000 patients making up
around 87% of the national wait list (OPTN, 2025). This organ contains approximately one
million functional units called nephrons that are responsible for blood filtering. An irreversible
loss of nephrons leads to kidney diseases. Therefore, restoring nephron function has become a
key therapeutic strategy that can potentially be achieved by organoid technology. Kidney
organoids, structures grown in vivo to resemble nephrons, have been derived from both ESCs
and 1PSCs. Both mouse and human kidney organoids appear to be relatively similar in their
general patterning and composition (Freedman & Dekel, 2023), leading to many animal

trials with
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immunodeficient mice. While organoid transplantation has yet to be achieved for kidney
regeneration or injury repair, several trials showing successful organoid vascularization and
connection to the host circulation (Konoe & Morizane, 2023), in which some kidney organoids
have displayed partial renal functions.

One such trial was conducted by Gupta et al. in 2020. The process included asynchronous
mixing of kidney progenitor cells, including nephron progenitor cells and a small number of
progenitors for the collecting duct systems, followed by transplantation into
immunocompromised mice (Gupta et al., 2020). When engrafted under the kidney capsule, the
heterochronic organoids were vascularized and showed important features of the kidney.
However, an overgrowth of stromal cells prevented the long-term study of the grafts.
Researchers believe that the overgrowth was a result of the engraftment procedure rather than a
shortcoming of the differentiation procedure, as kidney organoids derived from primary cells and
whole embryonic organs develop the same stromal overgrowth when engrafted under the kidney
capsule. Overall, the study showed successful vascularization and the organoids displayed
important features of the kidney, proximal tubule, endothelial cells, and podocytes. In addition,
the results showed that asynchronous mixing produced nephrogenesis and that differentiation of
organoids is most efficient in heterochronous mixes.

Kidney organoids can also be used to study transplant immune rejection. In a study in
2025 by Yu et al., NSG-BLT humanized mice were transplanted with human kidney organoids to
test immune response (Yu et al., 2024). After 30 days, the study found T-cell activation, cytokine
release, and damage to the organoids. Overall, the results found that kidney organoids can trigger
immune responses in the mouse model, offering an alternative method to study transplant

immunology.
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Benefits and Limitations of Organoids

Many other organoids include organoids for the stomach, lung, brain, pancreas, and heart.
Although most are still in preclinical stages, scientists are working on developing the process of
deriving organoids and their functional and regenerative capabilities (Yao et al., 2024).

As research into organoids develops, their benefits become increasingly clear. Compared to
traditional organ transplants, organoid transplantation holds several key advantages. One such
advantage is the potentially limitless supply, as many types of organoids can be grown from
single cells (Clevers et al., 2009; Rheinwald & Green, 1975), which can then be used in cell
replacement, tissue repair, and organ function restoration, offering a solution to the organ
shortage crisis. In addition, organoids exhibit remarkable plasticity and long-term expansion
capabilities, showcasing potential to overcome the limitations of conventional therapeutic
approaches (Yu et al., 2025). Particularly in addressing challenges such as immune rejection,
organoids have shown distinct advantages. By using a patient’s own cells to create organoids,
immune rejection and immunosuppression can be avoided, reducing risks associated with
traditional organ transplantation. Together, these benefits highlight the promise of organoid
transplantation as a more accessible and effective treatment option in the future.

However, organoid technology, although demonstrating great potential in several aspects,
still faces some notable challenges in its application. Although organoids have made significant
progress in simulating the structure and function of organs, many still face certain limitations in
more complex, large-scale tissue repair due to the lack of a complete vascular system and neural
network (Matsui et al., 2021; Yu et al., 2025). At present, the culture production of organoids
remains a significant factor in limiting their widespread clinical translation. To be viable for

therapeutic applications, organoids must be reliably expanded to clinically relevant quantities,
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often requiring highly precise and complex culture conditions. Such conditions include
specialized media formulations, growth factors, and three-dimensional scaffolds, which
complicate and raise the cost of large-scale manufacturing (Yu et al., 2025).

With the continuous developments in technologies such as large-scale production, immune
regulation, and cell therapy, the application of organoids will unarguably experience rapid
development in the next few years. In the case of organoid transplantation, advancing
technologies such as 3D bioprinting will broaden the clinical application prospects of organoids
(Li et al., 2025). Bioprinting allows a more controllable and accurate option for organoid
construction, with many researchers having demonstrated the ability to create organoids that
maintain original organ structure and function. For example, Wang et al. created large-scale
self-mineralizing bone organoids while Yang et al. successfully printed liver organoids with
liver-like functions (Wang et al., 2024; Yang et al., 2021). In addition, the innovation of artificial
intelligence-guided automated organoid factories, CRISPR-mediated interspecies chimeras, and
4D-printed responsive smart scaffolds may overcome the challenges regarding functional
integration and immune rejection after transplantation, promoting the clinical translation of
organoids to live repair therapies (Yu et al., 2025).

Conclusion

Organoids are a major advancement in the biomedical field by not only providing new
means for repairing damaged tissues but also addressing long-standing clinical challenges in
traditional organ transplantation, such as immune rejection. However, challenges such as the lack
of vascularization of organoids limit the functional recovery after large-scale transplantation. In
addition, the production methods of organoids still need further optimization to ensure

widespread accessibility in the future. Future directions for organoid transplantation include
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emerging technologies such as 3D bioprinting, which may broaden the clinical aspects of
organoid transplantation and bring more treatment options to a wide range of patients. Overall,
the application of organoid transplantation remains a promising frontier in tissue regeneration.
With the gradual advancement of technology and further clinical testing, organoids will
undoubtedly play an important role in the future in addressing organ shortages and may become
a core technology in the field of regenerative medicine.
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