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Abstract 
 

Tumor drug resistance is a major clinical challenge and critical to patient outcomes. Although extensive 
studies on mechanisms and drug development using cell and animal models exist, clinical results remain 
limited or ineffective. Recently, organoids have emerged as a powerful model that closely reproduces 
the structural and genetic features of tumors in vivo, making them an increasingly valuable platform for 
investigating resistance mechanisms and developing new therapeutic strategies. We reviewed organoid 
applications in elucidating tumor drug-resistance mechanisms, advancing therapies, and supporting 
clinical research, underscoring their critical role in overcoming treatment resistance. These mechanisms 
include abnormal cancer-related signaling, interactions between tumor and microenvironmental cells, 
DNA repair, epigenetic changes, and modifications in tumor cell membrane proteins. As an emerging 
preclinical model, organoids help bridge the gap between basic research and clinical practice, 
supporting the development of strategies to reverse drug resistance. These strategies include designing 
new targeted drugs, testing the efficacy of combination therapies, repurposing existing drugs, and 
screening personalized treatments for rare tumors. Moreover, in clinical trials, organoids can help guide 
therapy selection and enable preclinical evaluation of emerging therapeutic strategies. Although 
organoids lack the full in vivo microenvironment and an intact vascular system, advances in co-culture 
platforms and microfluidic chip technologies are steadily overcoming these limitations. As organoids 
integrate with such innovations, their role in drug-resistance research will continue to grow.  
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1. Introduction 

Tumor drug resistance remains one of the major challenges for anti-tumor therapeutic strategies (1,2). 
The widespread use of numerous novel agents in clinical practice has driven the development of 
multidrug resistance, posing significant challenges for subsequent treatment options. Multiple studies 
revealed that tumor drug resistance is based upon a plethora of distinct mechanisms (3). Studies based 
on cell and animal experiments are insufficient to address the diverse drug-resistance profiles observed 
in clinical patients. The emergence of organoids has led to a new era for research on drug resistance. 
The organoids simulate tumor heterogeneity and retain the parent tumor's molecular expression 
patterns, making them an ideal platform for studying tumor heterogeneity and drug resistance 
mechanisms (4-6).  

In recent years, as organoid technology has advanced, its application to drug resistance research has 
attracted growing attention. Due to the high fidelity of organoids, patient-specific organoid biobanks 
can simulate clinical treatment pressures, dynamically track the evolution of drug resistance, and 
support in-depth analyses of the molecular mechanisms of drug resistance (7). Furthermore, the 
combination of genetic engineering and microfluidic technology with organoid models has expanded 
their potential for personalized treatment strategies (8). The integration of novel technologies has 
enhanced the applicability of biological models, providing a powerful supporting mechanism to 
precision medicine (9). Multiple studies in 2025 demonstrated that organoid-based drug resistance 
models made breakthrough advances in solid tumors (10,11), including lung cancer, gynecological 
malignancies, colorectal cancer, and pancreatic cancer (PC) (12-16). However, the inability of 
organoids to replicate the tumor microenvironment (TME) and vascular network limits their wide 
application in cancer research (17). The combination of emerging technologies (e.g., 3D bioprinting, 
organoid-on-chips, microfluidic devices) with organoids is being used to create novel engineered 
models that more accurately replicate organogenesis, physiological processes, and disease progression 
(18,19), thus providing new perspectives for drug resistance research (Figure 1).  

Figure 1. Overview of Organoid Construction and Its Application in Tumor Drug Resistance. Tumor tissues, including 
biopsy samples, malignant effusions, and circulating tumor cells (CTCs), are collected from humans and animals to extract 
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tumor cells for organoid cultivation. The consistency between organoids and the original tumors is validated through 
immunohistochemistry (IHC) and whole-genome sequencing (WGS). Organoids or animal models transplanted with organoids 
(PDO-X) can be applied to explore drug resistance mechanisms, develop new drugs and therapeutic strategies, and participate 
in clinical trials. Figure created using BioRender. 

This review systematically outlines the applications of organoids in drug-resistance research, including 
their use to uncover resistance mechanisms and guide the development of new targeted agents and 
therapeutic strategies. In addition, organoids have increasingly been incorporated into clinical trials, 
where they play multiple roles in studies related to drug resistance. We aim to provide new perspectives 
to promote the application of organoids in research on drug resistance and to establish a theoretical 
framework for precision medicine research. 

2. The Role of Organoids in Tumor Drug Resistance Mechanisms 

2.1 Abnormal cancer-associated signaling  

2.1.1 Identifying resistance-associated signaling 

Organoids provide robust in vitro platforms for elucidating the mechanisms underlying tumor drug 
resistance (Fig. 2). For example, MEX3A and Bcl-xl have been identified as key mediators of 
chemoresistant relapse in colorectal cancer and cholangiocarcinoma organoids, respectively (20,21). In 
the co-culture system of gastric cancer patient-derived organoids (PDOs) and macrophages, aurora 
kinase inhibitors (AURKi) can induce a senescent phenotype, characterized by increased cell diameter, 
strong senescence-associated β-galactosidase staining, and multinucleated giant cells. The senescent 
cancer cells secrete large amounts of the chemokine MCP-1/CCL2, which recruits and induces 
macrophages to an M2-type polarization, resulting in attenuated innate immune responses and reduced 
killing of cancer cells (22). Using organoids derived from circulating tumor cells (CTCs) and pleural 
effusion, Würth et al. identified NRG1-HER3 signaling as a key pathway required for cancer 
dissemination. The dynamic interplay between NRG1-HER3 and FGFR1 signaling mediates cancer cell 
plasticity, leading to therapeutic resistance (23). Additionally, organoid models can also simulate 
adaptive changes under drug pressure to reveal the evolution of resistance. Using single-cell sequencing 
of lung cancer organoids, Tong et al. revealed that tumors activate a lineage plasticity program, adeno-
to-squamous transition (AST), that mediates KRAS inhibitor resistance (24). Under the exposure of 
cisplatin, tongue cancer cells of the chemo-resistant tongue cancer organoids (TCOs) reconstituted 
organoids after cisplatin withdrawal, while those of chemo-sensitive TCOs did not (25). 

Comparing drug-resistant and drug-sensitive models is a classic approach for identifying resistance-
related signaling. Organoids provide a good preclinical model, capable of mapping drug resistance and 
sensitivity profiles in rare tumors and identifying effective therapeutic targets (26). Docetaxel-sensitive 
and -resistant gastric cancer organoids were developed to explore resistance mechanisms using 
organoid-based single-cell RNA sequencing. In resistant organoids, the secretory, immune-
chemotactic, and transitional gastric cancer cell populations were increased. Resistance-related genes 
were upregulated, regulating ROS production, autophagy, and apoptosis (27) (Fig. 2A). Exploration of 
drug resistance-related genes and pathways can lead to the development of novel therapeutic targets for 
overcoming drug resistance and improving treatment outcomes for cancer patients. Sase et al. 
established a library of TCOs, which were divided into chemo-resistant and chemo-sensitive groups. 
Comparative analysis of TCOs revealed that “heritable” embryonic diapause-like features are involved 
in the development of chemo-resistance. Mechanistically, the activation of the autophagy and 
cholesterol biosynthetic pathways confers TCOs chemo-resistance. Inhibitors of the two pathways 
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could convert chemo-resistant TCOs to chemo-sensitive TCOs and almost completely kill chemo-
resistant TCOs (25).  

 

Figure 2. The roles of organoids in research on drug resistance mechanisms. (A). Organoids can be utilized to explore 
abnormal tumor-related signaling and validate potential targets. Drug-resistant and drug-sensitive organoids are analyzed 
using single-cell sequencing or multi-omics approaches to identify resistance-associated genetic and signaling pathways. 
Furthermore, loss- and gain-of-function assays and drug screening in organoids can be used to validate potential targets. (B). 
Co-culture systems of tumor organoids with microenvironment components, such as CAFs, macrophages, and adipocytes, help 
elucidate the role of cell-microenvironment interactions in drug resistance. (C). Organoids also play a significant role in 
investigating epigenetic dysregulation. Organoids combined with CRISPR-Cas9 gene-editing technology serve as a powerful 
tool for exploring mechanisms of drug resistance. (D). Elevated expression of ABCB1 in drug-resistant organoids promotes 
drug efflux, leading to drug resistance. Organoids provide a model for studying ADC resistance. (E). The Organoids contribute 
to the investigation and validation of DNA damage repair in drug-resistant (R) and drug-sensitive (S) cells. H, high level of 
MRE11 lactylation. L, low level of MRE11 lactylation. TMZ, temozolomide. ABX, albumin-bound paclitaxel. HADCi, histone 
deacetylase inhibitor. LDHi, lactate dehydrogenase inhibitor. The brown arrow indicates changes in gene expression levels 
or drug sensitivity, while the blue arrow indicates the directionality of the schematic diagram. Figure created using BioRender.	

2.1.2 Validating drug resistance-related targets 

Organoids serve as powerful systems for validating proposed resistance mechanisms (Fig. 2A). For 
instance, organoids with elevated PHGDH expression displayed 5-FU resistance through Hedgehog 
signaling activation. Using CRC organoid models, a combined 5-FU and Hedgehog inhibitor strategy 
was subsequently shown to be effective in overcoming this resistance (28). Additionally, organoids are 
considered robust in vitro 3D models for functional studies that demonstrate the significance of drug-
resistance-related targets. Loss- and gain-of-function experiments were performed on breast organoids, 
elucidating anticancer activity through MTCH2 inhibition (29). Similarly, PAF1 depletion was 
performed in prostate cancer organoids, demonstrating PAF1's regulatory function in docetaxel 
resistance (30). The upregulation of circ_0008315 was validated in cisplatin-resistant gastric cancer 
organoids, and its knockdown improved therapeutic efficacy and reversed cisplatin resistance (31). 
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Notably, T-cell-incorporated organoid models validated SLC25A22, a glutamine metabolism 
transporter, as a key driver of elevated glutamine utilization, thereby reversing the immunosuppressive 
microenvironment and enhancing sensitivity to anti-PD-1 therapy (32). 

2.2 Cell-cell interactions  

Due to the complex cell-cell interactions in the TME, the mechanisms of drug resistance are highly 
intricate (33). The microenvironment comprises cancer-associated fibroblasts (CAFs), adipocytes, 
endothelial cells, and immune cells, all of which are crucial for drug resistance (34,35). Co-culture 
systems combining organoids with components of the TME provide powerful platforms for modeling 
interactions between cancer cells and surrounding stromal and immune cells (36-38). For example, a 
cancer organoid–stroma biobank enables detailed molecular subtype characterization, supports 
individualized preclinical testing, and helps identify stromal-driven resistance mechanisms (39). 

2.2.1 Nonimmune cells and cancer cells 

Co-culture models integrating organoids with cancer-associated fibroblasts (CAFs) provide a robust 3D 
in vitro platform for mechanistic validation. In a 3D co-culture system using human ovarian cancer 
organoids, CAFs were shown to promote organoid growth and confer chemoprotection by activating 
the PI3K–AKT pathway and cytokine-mediated signaling (40). The spatial co-enrichment of CAFs with 
positive fibroblast activation protein (FAP+) and collagen in urachal cancer PDOs leads to stromal-
mediated immune evasion and resistance to immunotherapy (41). A co-culture system of CRC 
organoids with CAFs revealed that chemoresistance-associated interferon-α/β signaling and MHC class 
II complex assembly contribute to drug resistance by activating the JAK/STAT pathway (42) (Fig. 2B). 
Endothelial cells, as key components of the cellular niche, can support organoids during long-term 
culture. They also modulate the expression profiles of liver organoids—particularly genes involved in 
extracellular matrix organization and receptor-mediated signaling, through paracrine interactions (43). 
A three-cell co-culture model incorporating ovarian cancer (OC) cells, adipocytes, and macrophages 
was developed to mimic the omental tumor microenvironment. In this system, IL-6 and IL-8 secreted 
by OC cells induced pyroptosis in omental adipocytes. The resulting pyroptotic adipocytes released 
ATP, which promoted macrophage infiltration, and liberated free fatty acids (FFAs) into the 
microenvironment. These FFAs were subsequently taken up by OC cells, ultimately enhancing 
chemoresistance (44) (Fig. 2B).  

2.2.2 Immune cells and cancer cells 

Jiang et al. used a droplet-based microfluidic platform to generate PDOs and examine the interaction 
between macrophages and PC cells via co-culture of PC organoids (PCOs) and macrophages. In this 
system, macrophage-derived CCL5 activated the CCR5/AKT/Sp1/CD44 signaling pathway, promoting 
stemness and chemoresistance in PC cells, while PC cell-derived AREG stimulated CCL5 production 
in macrophages via the Hippo–YAP pathway. Combining gemcitabine with agents targeting this 
feedback loop demonstrated promising therapeutic potential (45). In co-culture assays of CRC 
organoids and T cells, USP19 was identified as a key factor in immune evasion. Targeting USP19, 
along with ɑPD-L1 therapy, reduced PD-L1 levels and boosted CD8 T-cell activation and GZMB 
infiltration, leading to strong anti-tumor effects (46). Similarly, co-culturing lung cancer organoids with 
peripheral blood lymphocytes enables the study of tumor-T cell interactions and may help identify, in 
a personalized way, factors that influence immunotherapy sensitivity or resistance (47). Organoid-based 
co-culture systems also aim to explore the complex communication between cancer cells and dendritic 
cells (48).  
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In addition, the Air-Liquid Interface Three-Dimensional (ALI-3D) culture system can preserve native 
stromal populations, including fibroblasts, macrophages, and lymphocytes (49). Based on this platform, 
the PDOs' response to anti-PD-1 in vitro was comparable to that observed in clinical trials (50). In the 
ALI-3D co-culture of mouse PC cells and bone marrow-derived dendritic cells, dynamic glycolytic 
reprogramming inhibited dendritic cell antigen presentation and mitochondrial function, resulting in 
poor immunotherapeutic efficacy (51). Recently, microfluidic tumor organoid-on-a-chip platforms have 
been shown to recapitulate key features of the TME, and the immune contexture has emerged as an 
innovative, reliable tool to investigate the role of the TME in counteracting antitumor immunity and the 
mechanisms of immunotherapy resistance (52,53). The microfluidic platform can address the critical 
need for multicellular tumor models, potentially yielding novel biological insights into cell-cell 
crosstalk (54). Reprogramming the interactions between cancer cells and TME components may open 
a new therapeutic avenue in oncology and improve clinical translation. 

2.3 The alteration of epigenetic modification 

Epigenetic modifications trigger diverse biological processes that can modify cellular phenotypes (55-
57), including disease progression and resistance (58, 59). Human intestinal epithelial organoids retain 
the location-specific transcriptional and epigenetic profiles of the intestinal segment from which they 
were derived, even after long-term culture (60). Growing evidence indicates that organoids serve as 
powerful disease-specific models for epigenetic research (61,62). PDOs not only serve as basic research 
models for RNA modification in cancer therapeutic resistance but also as a preclinical platform to 
evaluate the clinical benefits of small-molecule modulators targeting RNA modifications (63,64). For 
example, YTHDF1 was found to promote stemness and aberrant activation of NOTCH signaling in 
hepatocellular carcinoma (HCC) PDOs, thereby driving resistance to lenvatinib and sorafenib (65) (Fig. 
2C). NAT10, which mediates RNA N4-acetylcytidine (ac4c) modification, stabilized AHNAK mRNA 
by protecting it from exonucleases. AHNAK-dependent DNA damage repair (DDR) is essential for 
NAT10-driven cisplatin resistance. Notably, Remodelin (an inhibitor of NAT10) sensitizes bladder 
cancer organoids to cisplatin, suggesting that NAT10 may be a therapeutic target to overcome cisplatin 
resistance (66). Xu et al. established a co-culture system of CRC organoids and primary human 
macrophages to reveal the mechanisms of HDAC inhibitor (HDACi) resistance. HDACi treatment 
epigenetically upregulated CD47 in CRC organoids, thereby polarizing macrophages toward a pro-
tumor M2 phenotype and impairing macrophage phagocytic capacity against tumor cells (67) (Fig. 2C). 
A CRISPR–Cas9 loss-of-function screen in gastric cancer organoids identified EZH2 as a critical 
epigenetic regulator of drug resistance. Loss of EZH2 induced squamous-like features in the organoids 
and conferred increased chemoresistance (68) (Fig. 2C).  

2.4 DNA damage repair  

DNA damage repair represents a critical factor in the development of resistance to chemotherapy and 
targeted therapy (69, 70). Recently, organoids have been used to investigate DNA damage repair and 
potential drug-resistance targets (71-73). Long-term use of temozolomide (TMZ) can lead to decreased 
sensitivity and even chemoresistance in glioblastoma multiforme (GBM). In contrast, albumin-bound 
paclitaxel (ABX) could enhance the efficacy of TMZ by increasing DNA damage by disrupting the 
expression and nuclear translocation of DNA repair proteins ERCC1 and XPC. The combinatorial 
regimen was applied in GBM organoids, which exhibited reduced organoid diameter, reduced Ki-67 
expression, and increased γ-H2AX compared with TMZ monotherapy (74) (Fig. 2D). In addition, 
lactate was shown to promote resistance in gastric cancer PDOs to multiple DNA-damaging therapies, 
including cisplatin, etoposide, adriamycin, and ionizing radiation, by enhancing homologous 
recombination (HR)-mediated DNA repair (75). Mechanistically, lactylation of MRE11, a key HR 
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protein, facilitated DNA end resection and promoted HR. CRC PDOs were subsequently stratified into 
high and low MRE11 K673-lactylation groups to delineate how this modification contributes to 
resistance to cisplatin and PARP inhibitors (76) (Fig. 2D). Polθ, which is responsible for the interaction, 
annealing, and extension of short single-stranded (ss), initiates DNA synthesis to fill in the gaps (77, 
78). Combined defects in BRCA1 and the Shieldin complex have been shown to confer PARPi 
resistance. A PI3K inhibitor selectively sensitized BRCA1-mutant breast cancer PDOs, but not BRCA1-
wild-type PDOs, thereby overcoming resistance to carboplatin and olaparib (79).  

2.5 Alterations of membrane proteins of tumor cells 

Reduced intracellular drug accumulation, whether through increased efflux or decreased influx, can 
partly cause drug resistance or non-responsiveness. Although research on drug resistance mechanisms 
involving organoids is continuously evolving, there is relatively little research on drug efflux and influx. 
Based on comparative transcriptomic analysis of doxorubicin-resistant and -sensitive HCC organoids, 
the drug-metabolism pathway was found to be related to drug resistance. ABCB1, a well-known drug 
efflux pump, is upregulated in resistant HCC organoids. ABCB1 inhibitors (e.g., elacridar, encequidar, 
laniquidar, tariquidar, and valspodar) could improve the sensitivity of doxorubicin, which is not caused 
by pharmacological toxicity (80) (Fig.2E). In addition, in docetaxel-resistant prostate cancer organoids, 
PAF1 knockdown significantly reduced overall organoid growth and the number of drug-effluxing (side 
population) cells (30,81).  

ADC drugs targeting tumor cells by exploiting their high expression of membrane proteins have 
attracted considerable interest from researchers (82,83). However, dynamic changes in tumor cell 
membrane proteins often cause nonresponsiveness or even resistance to targeted therapy (84, 85). 
Possible resistance mechanisms include downregulation of membrane proteins, altered internalization, 
lysosomal degradation, and changed trafficking of ADCs (86). Chen et al. identified resistance 
mechanisms of anti-HER2 ADCs using transcriptomic data, PDOs, and the I-SPY2 trial (87). SNX10 
was significantly downregulated and was closely linked to abnormal intracellular vesicle transport in 
the resistant PDOs group. Low levels of SNX10 reduced HER2 recycling, increased HER2 trafficking 
into lysosomes, and decreased cell-surface HER2, leading to resistance to anti-HER2 ADCs (88) 
(Fig.2E).  

Together, these studies provide strong evidence that tumor organoids are an optimal platform for 
investigating drug resistance (89,90). Elucidating resistance mechanisms through organoid models will 
aid in the development of predictive biomarkers and improve patient stratification for therapy. 

3. Organoid-Guided Exploration of Novel Strategies to Overcome Drug Resistance 

Developing new strategies to overcome drug resistance depends on identifying novel therapeutic 
targets, thereby enabling more effective targeted treatments and ultimately improving patient survival. 
In addition, combining novel agents with established therapies to create new treatment regimens offers 
considerable promise for enhancing the sensitivity of conventional treatments. Moreover, the concept 
of drug repurposing remains highly innovative; agents originally developed for other diseases, when 
applied outside their traditional contexts, may demonstrate unexpected efficacy against treatment-
resistant cancers. Organoids, serving as "drug-testing surrogates," provide a platform for developing 
innovative therapeutic strategies and offer new insights into reversing tumor resistance (Fig. 3). 
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Figure 3. Organoids Guide the Development of 
New Strategies to Reverse Drug Resistance. 
Organoids bridge the gap between target discovery 
in basic research and the clinical application of 
targeted therapies, serving as a reliable model for 
validating novel targeted drugs (PRMT5 inhibitor, 
SENP5 inhibitor, Anti-B7-H3 ADC, Epi-drugs) and 
new combination treatment regimens. Based on 
organoid models, the concept of "drug repurposing" 
can be effectively validated for counteracting drug 
resistance. Furthermore, high-throughput drug 
screening using organoids enables the identification 
of personalized treatment strategies for rare tumors 
(OC, ovarian cancer). ESCC, esophageal squamous 
carcinoma. GBM, glioblastoma multiforme. NSCLC, 
non-small cell lung cancer. SCCOHT, small cell 
carcinoma of the ovary, hypercalcemic type. KO, 
Knockdown. TMZ, temozolomide. ABX, albumin-
bound paclitaxel. Figure created using BioRender.	

3.1 Validation of New Target Drugs 

As a potent, radioresistant gene in CRC, SENP5 knockdown, combined with irradiation, significantly 
inhibited PDO growth, suggesting that SENP5 may be a target to improve radiotherapy efficacy (91). 
Similarly, cholangiocarcinoma-derived organoids were used to further examine the antitumor effect of 
the PRMT5 inhibitor. The reduced growth of organoids and the presence of smaller organoids filled 
with dying cells indicated that PRMT5 may be a clinical therapeutic target (92). With the rapid 
expansion of antibody–drug conjugate (ADC) therapeutics, organoids offer an ideal platform for 
evaluating their efficacy (93–95). For example, DS-7300a, an anti-B7-H3 ADC carrying a 
topoisomerase-1 inhibitor payload, showed strong activity in prostate cancer PDOs harboring specific 
genetic alterations (96). Moreover, epigenetic drugs (epi-drugs) are small molecules that target 
epigenetic modifications by modulating enzymes involved in transcriptional and post-transcriptional 
processes, offering a promising strategy to reverse drug resistance (97,98). In addition, targeting 
components of the TME represents another emerging approach for developing novel therapies to 
overcome tumor drug resistance (99). 

3.2 Efficacy Evaluation of New Combination Therapies  

DOT1L, an H3K79me1/2/3 methylase, was identified as a target of PARPi resistance in OC. SGC0946 
(DOT1L inhibitor) could enhance the effect of PARPi (Olaparib and Niraparib) in OC PDOs, with the 
SGC0946-Olaparib combination showing strong synergistic activity even at low concentrations. 
Mechanistically, DOT1L inhibition abrogated PLCG2 and ABCB1 upregulation, thereby decreasing 
PARPi efflux (100). In addition, SIC-19, a novel SIK2 inhibitor, demonstrates synthetic lethality with 
PARP inhibitors in ovarian cancer PDOs by disrupting RAD50-mediated HR DNA repair (101).  

The AKT/mTOR inhibitors were identified as a target hub. In gefitinib-resistant esophageal squamous 
carcinoma PDOs, an AKT inhibitor demonstrated strong synergy when combined with an EGFR 
inhibitor (102). Likewise, Qu et al. provided a new perspective on TMZ and albumin-bound paclitaxel 
(ABX) to augment TMZ sensitivity in GBM. GBM PDOs validated the superior combinatorial efficacy 
(74). To advance drug discovery aimed at overcoming tumor immunosuppression, T-cell-incorporated 
pancreatic cancer (PC) organoids have been developed. In this model, T cells are embedded in the outer 
layer of PC organoids, recreating a physical barrier and enabling detailed analysis of T-cell infiltration 
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and cytotoxicity. Using this system, combinatorial treatment with epigenetic inhibitors and anti-PD-1 
demonstrated markedly enhanced anti-tumor effects by upregulating MHC-I antigen processing and 
presentation and boosting effector T-cell activity (103). Notably, increased drug toxicity remains a 
major concern when developing multi-agent treatment strategies. Careful optimization of combination 
regimens, particularly by using reduced or fractionated doses, may help maintain therapeutic efficacy 
while minimizing adverse effects. Such dose-adjusted combinations also have the potential to lower 
treatment costs and offer more accessible, cost-effective therapeutic options for patients. 

3.3 Drug Repurposing 

Another novel approach to explore the drug-sensitization strategy is to repurpose existing compounds 
(104). Stiripentol has been used clinically as an anti-epileptic treatment (105, 106). As an LDH enzyme 
inhibitor, it was shown to sensitize PDOs to cisplatin, a finding further confirmed in chemo-resistant 
gastric cancer patient-derived xenografts (PDX) (75). Additionally, PDOs and PDO-derived xenografts 
resistant to the nab-paclitaxel plus gemcitabine (AG) regimen were used to demonstrate that sulindac 
K-80003, a classic anti-inflammatory agent and PI3K/Akt pathway inhibitor, can restore sensitivity to 
AG therapy in AG-resistant PC (107). Epalrestat, an orally available AKR1B10 inhibitor in clinical use 
for diabetic polyneuropathy, was successfully repurposed to overcome chemoresistance of non-small 
cell lung cancer (NSCLC) PDOs (108). In prostate cancer–derived organoid models, piroxicam 
enhanced the antitumor effects of docetaxel and enzalutamide. Importantly, incorporating PDO-based 
preclinical testing can strengthen the reliability and translational potential of such combination 
strategies (109).  

These repurposed drugs hold strong potential for advancement into clinical trials for patients with drug-
resistant cancers, owing to their well-characterized safety profiles, favorable pharmacokinetics, and 
established bioavailability. Notably, Chen et al. have already filed a patent application for the use of 
stiripentol in cancer therapy and have initiated clinical evaluation. A single-arm, prospective phase II 
trial (ChicTR2400083649) is currently recruiting patients, marking an important step toward translating 
this repurposed agent into a viable treatment option for resistant malignancies. 

3.4 Personalized Drugs Screening for Rare Tumors 

For certain rare malignancies, organoids serve as useful in vitro 3D models to investigate optimal drug 
selection and combination strategies and to recapitulate patient outcomes (110). Shihabi et al. used 
PDOs to characterize the landscape of drug resistance and sensitivity in sarcoma and developed a high-
throughput organoid screening pipeline to identify an FDA-approved or NCCN-recommended effective 
regimen (111). Patient-derived organoids (PDOs) were successfully generated from small cell 
carcinoma of the ovary, hypercalcemic type (SCCOHT), enabling high-throughput drug screening. 
Using a library of 153 clinically approved compounds, organoid-based drug profiling identified 
methotrexate as a potent and selective agent against SCCOHT, acting by activating the TP53 pathway 
and inducing apoptosis (112).  

These studies underscore that the organoid platform can support the design of therapeutic strategies for 
drug-resistant and rare cancers. 

4. Application of Organoids in Clinical Trials for Drug Resistance 

By recapitulating tumor heterogeneity and partially mimicking the tumor microenvironment, organoids 
provide a powerful platform for advancing drug development (113). Insights derived from basic and 
preclinical organoid research provide a strong foundation for evaluating targeted inhibitors and novel 
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combination therapies in clinical trials, particularly with respect to therapeutic efficacy and toxicity. As 
such, the PDO model serves as a promising in vitro system for bridging the gap between preclinical 
studies and clinical application (114). We summarized the role of organoids in clinical trials by 
reviewing literature and searching clinical trials involving organoids in ClinicalTrials.gov (Table 1) 
(Fig.4). Organoids not only select personalized treatment regimens to guide clinical treatment through 
drug sensitivity tests but also provide new models for exploring tumor drug resistance mechanisms. 
When integrated into cancer research and clinical decision-making, organoid-based systems represent 
a major advance toward developing more precise and effective therapies for solid tumors. Their use 
accelerates the translation of new drugs and therapeutic strategies from the laboratory to the clinic. 

Figure 4. Patient-derived Organoids 
participate in Clinical Trials. 
Numerous clinical trials compare the 
consistency of drug response between 
organoid-based drug screening and 
clinical treatment to evaluate the 
reliability of this platform. Organoid-
based drug screening can provide 
valuable references for clinical decision-
making. Organoids can be used as a 
preclinical model to validate potential 
targets identified in basic research. By 
conducting multi-omics analyses on 
drug-resistant and drug-sensitive 
organoids, alone or in combination with 
original tumor tissues, molecular targets 
and mechanisms underlying resistance 
can be identified. This approach helps 
explore molecular subtypes of tumor 
drug resistance, ultimately guiding 
precise clinical treatment strategies (R, 
resistant; S, sensitive). MLN8237, 
Aurora A kinase inhibitor. TAS-102, 
nucleoside antitumor agents. Figure 
created using BioRender. 

	

Table 1. The Application of Patient-derived Organoids (PDOs) in Clinical Trials for Drug 
Resistance. 

Table 1A: Validating the predictive value of PDOs. 

NCT number Cancer Type Study type Country Start year Objectives 
 

NCT05669586 Lung Interventional, 

Phase 2 

China 2023 Predict therapeutic response in 
patients with multi-line drug-
resistant lung cancer by PDOs 

NCT04996355 Colorectal Prospective,  

Observational 

China 2021 Explore the feasibility and 
accuracy of anticancer treatment 
on organoids-on-a-chip 

NCT04906733 Colon Prospective,  

Observational 

China 2021 Evaluate the consistency and 
accuracy of chemotherapy on 
PDOs to predict the clinical 
efficacy 

NCT03979170 Lung Prospective,  

Observational 

Switzerland 2019 Evaluate the consistency and 
accuracy of chemotherapy on 
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PDOs to predict the clinical 
efficacy 

NCT03890614 Hematologic Prospective,  

Observational 

United States 2019 Validate the predictive value of 
the PDO chemobiogram results 
compared with retrospective 
treatment data 

NCT04859166 Lung Prospective,  

Observational 

Netherland 2017 Prospectively predict treatment 
response based on primary human 
lung cancer organoids 

NCT03251612 Metastatic  

colorectal 

Interventional,  

Phase 2 

Denmark 2017 Investigate the predictive value of 
PDOs drug sensitivity testing 

 

Table 1B: Guiding clinical treatments through PDOs 

NCT number Cancer Type Study type Country Start year Objectives 
 

NCT06739395 Refractory 
solid tumors 

Interventional,  
Phase 2 

China 2024 Organoid as a functional model to 
test the efficacy of combination 
therapy based on PD-1/L1 
immune checkpoint inhibitors 

NCT06406608 Non-small 
cell  
lung cancer 

Interventional China 2024 PDOs drug sensitivity test guided 
clinical treatment plans for drug-
resistant/relapsed conditions 

NCT06315868 Breast cancer Prospective,  
Observational 

Italy 2023 Exploring the molecular 
phenotype associated with 
chemoresistance through PDOs 

NCT05532397 High grade 
astrocytic 
glioma 

Interventional Singapore 2023 Screening optimal drug 
combinations for patients with 
recurrent conditions through 
PDOs 

NCT05813509 Ovarian 
cancer 

Interventional China 2022 Screening potential clinical 
therapeutic drugs for patients with 
resistant ovarian cancer through 
PDOs 

 

Table 1C: Exploring drug resistance mechanisms 

NCT number Cancer Type Study type Country Start 
year 

Objectives 
 

NCT06791941 Head and 
Neck cancer 

Retrospective, 
Non-
intervention 

Italy 2024 Characterizing molecular 
networks involved in resistance 
and develop new effective 
therapeutic strategies based on 
organoids 

NCT06155370 Gynecological 
tumors 

Cross-Sectional 
Observational 

China 2023 Construction of organoids 
biobank for exploring the 
molecular mechanism of tumor 
pathogenesis and resistance 

NCT06156150 Glioma Observational China 2023 Use of organoids to confirm the 
mechanism of treatment 
resistance of vaccines 

NCT05518110 Refractory 
pancreatic 
cancer 

Interventional,  
Phase 2 

Ireland 2023 Exploring primary and emerging 
resistance mechanisms in patients 
with metastatic refractory 
pancreatic cancer treated with 
trametinib and 
hydroxychloroquine 

NCT04504747 Breast cancer Prospective, 
Observational 

France 2022 Identifying robust candidates for 
drug resistance upon PDOs 
mimicking patient's response 

NCT04868396 Glioblastoma Prospective, 
Observational 

Netherland 2021 Establishing PDOs to study study 
mechanisms that contribute to 
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aggressive tumor growth and 
treatment resistance 

NCT04526587 Breast cancer Prospective, 
Observational 

United States 2020 Developing PDOs from resistant 
disease to functionally assess the 
mechanisms occurring with 
resistance. 

NCT03925233 Breast cancer Retrospective 
Observational 

China 2019 Sensitivity detection and drug 
resistance mechanism of 
therapeutic drugs based on PDOs 

NCT03010722 Metastatic 
colorectal 
cancer 

Prospective, 
Observational 

United 
Kingdom 

2015 Investigating molecular predictors 
of resistance and response to 
regorafenib therapy 

NCT04846933 Ovarian 
cancer 

Interventional Finland 2012 Multi-layer Data from fresh tissue 
and PDOs to predict therapy 
resistance and explore new 
therapeutic plans 

 

Table 1D: Preclinically evaluating the efficacy of novel therapy strategies 

NCT number Cancer Type Study type Country Start year Objectives 
 

NCT03454035 Pancreatic and 
KRAS-mutant 
colorectal 
cancer 

Interventional,  

Phase 1 

United States 2018 Evaluating the efficacy of the 
ERK inhibitor (ulixertinib) in 
combination with the CDK4/6 
inhibitor (palbociclib) on PDOs 

NCT01799278 Neuroendocrine 
prostate cancer 

Interventional,  
Phase 2 

United States 2013 Comparing the response of 
alisertib (MLN8237) on PDOs 
and clinical patients 

NCT01607957 Metastatic  
colorectal 
cancer 

Interventional,  
Phase 3 

United States 2012 Validating the association of 
KRASG12 and intrifluridine 
resistance 

 

4.1 Validating the predictive value of PDOs 

A total of 25 clinical trials involving organoids were reviewed, seven of which aim to predict clinical 
therapeutic responses using 3D organoids. The trials NCT03890614, NCT03979170, NCT05669586, 
and NCT04859166 validate the predictive value of 3D organoid chemobiograms compared with 
retrospective and prospective data on donors’ therapeutic responses. Sensitivity to cetuximab and its 
correlation with PDOs and clinical responses were evaluated 

 to predict treatment options for patients with RAS/RAF wild-type CRC (NCT04906733). Specifically, 
trial NCT04996355 was designed to validate the predictive ability of organoid-on-chip systems for drug 
screening. PDOs are believed to aid in selecting personalized treatment plans for patients with 
multilined, drug-resistant conditions. Jensen et al. conducted a clinical trial (NCT03251612) to assess 
the predictive value of drug testing in CRC PDOs, to identify effective therapeutic regimens based on 
CRC organoids. Results showed that 2-month progression-free survival (PFS) was achieved in 17 
patients (50%; 95% CI: 32-68), exceeding the predefined threshold (14 of 45; 31%) (115).  

These studies demonstrate that organoids hold promise for advancing personalized medicine and 
guiding treatment in newly diagnosed and relapsed-resistant malignancies. However, they are limited 
by the absence of the tumor microenvironment (TME) and immune cells (116). The development of 
specialized assays to examine interactions between cancer cells and components of the 
microenvironment may improve the accuracy of in vitro testing. 

4.2 Guiding clinical treatments through PDOs 
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Three ongoing interventional studies (NCT05813509, NCT06406608, and NCT05532397) are using 
organoid-based drug-sensitivity screening to identify effective therapies for resistant or recurrent 
ovarian cancer, non–small cell lung cancer, and high-grade astrocytic glioma, respectively. In breast 
cancer, efforts to integrate drug-sensitivity data with molecular subtypes of resistance may further refine 
treatment selection (NCT06315868). 

The combined use of genomics-driven precision medicine and organoid-based functional testing is 
emerging as a feasible strategy for guiding certain precision chemotherapy approaches (117). For 
example, Wang et al. launched a precision-medicine trial (NCT06739395) employing molecularly 
matched therapies for patients who had exhausted standard treatment options. 

In clinical practice, molecular tumor boards, which rely on sequencing data, clinical judgment, and 
published literature, are not always able to match patients to targeted therapies for their specific genomic 
alterations. In such situations, functional models, such as organoids, can provide an additional layer of 
decision-making, offering patients a personalized opportunity to evaluate potential therapeutic 
interventions when no molecular match is available. 

4.3 Exploring drug resistance mechanisms 

Organoid biobank–guided drug-sensitivity profiling not only provides a platform for tailoring clinical 
treatments but also enables systematic investigation of drug-resistance mechanisms (NCT06155370). 
For example, breast cancer PDOs generated from patients with CDK4/6 inhibitor-resistant disease are 
being used to dissect mechanisms of resistance (NCT04526587) functionally. 

Chen et al. initiated a clinical study (NCT06156150) to investigate the functional role and resistance 
mechanisms associated with the B7-H4/ATF3 axis in glioma. An organoid platform was employed to 
validate the role of macrophage-derived B7-H4 in influencing chemokine secretion for T cells and in 
contributing to resistance to vaccine-based therapies (NCT04868396). 

The PaTcH study (NCT05518110) aims to characterize both primary and acquired resistance 
mechanisms in patients with metastatic, treatment-refractory pancreatic cancer undergoing combined 
trametinib and hydroxychloroquine therapy. PC organoids are established for each patient before and 
during treatment, providing ex vivo models to trace the evolution of resistance and to screen potential 
therapeutic agents. 

Together, these studies highlight the expanding clinical integration of organoid platforms for both 
personalized therapeutic guidance and mechanistic exploration of drug resistance. 

In addition, combining molecular analyses (tissue and PDOs) with therapeutic response (clinical 
response and PDOs-guided drug testing) may facilitate understanding of drug resistance mechanisms. 
In the PROSPECT-R trial (NCT03010722), large-scale microRNA expression analysis of matched 
liquid and tissue biopsies found MIR652-3p as a biomarker of regorafenib response. Tissue biopsies 
collected at baseline, after 2 months, and at progression were used to establish PDOs and perform 
molecular analyses. Moreover, PDO co-cultures and PDO-xenotransplants were generated for 
functional analyses, which showed that MIR652-3p controlled resistance to regorafenib by impairing 
regorafenib-induced autophagy and orchestrating a switch from neo-angiogenesis to vessel co-option 
(118).  
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The study (NCT06791941) aims to characterize the molecular networks underlying resistance in head 
and neck tumors driven by mutated p53/YAP, and to develop new therapeutic strategies to target these 
networks and enhance the effectiveness of current treatments.  

The DECIDER project (NCT04846933) will develop AI-powered diagnostic tools, advanced software 
platforms for clinical decision-making, new data analysis and integration techniques, and high-
throughput drug-screening methods in organoids. The multi-layer data could uncover key mechanisms 
underlying chemoresistance in HGSOC patients and inform the development of personalized treatment 
strategies for chemotherapy-resistant patients.  

4.4 Preclinically evaluating the efficacy of novel therapy strategies 

PC PDOs treated with alisertib (MLN8237) show concordant responses with their corresponding 
patients (NCT01799278). In the RECOURSE trial (NCT01607957), whole-genome analysis identified 
KRAS codon G12 mutations as a potential biomarker of therapeutic resistance. Consistent with these 
findings, CRC PDO studies showed that KRAS G12 mutations were associated with an increased 
resistance to trifluridine-based genotoxic therapies. (119, 120).  

Organoids capable of dynamically measuring Aurora–N-myc complex activity provide a powerful 
platform for identifying patients most likely to benefit from single-agent alisertib. By evaluating 
pathway dependency and drug responsiveness in real time, organoid-based functional testing can 
optimize patient selection, enhance treatment precision, and increase the likelihood of clinical benefit 
from Aurora kinase–targeted strategies (121). 

Organoid models have also been key in identifying effective combination therapies. For example, 
CDK4/6 and ERK inhibitors cooperatively reduced proliferation and induced apoptosis in both PC 
organoids and KRAS-mutant CRC organoids. This combination suppressed CDK4/6 inhibition–
induced compensatory activation of ERK, PI3K, anti-apoptotic signaling, and MYC expression. These 
preclinical findings supported a Phase I clinical trial (NCT03454035) evaluating the ERK inhibitor 
ulixertinib in combination with the CDK4/6 inhibitor palbociclib in patients with advanced pancreatic 
cancer. 

Together, these studies illustrate how organoid validation provides essential guidance for clinical 
translation. The organoid platform can be leveraged to test novel combinations of small-molecule 
inhibitors with standard therapies, accelerating the development of precision treatments for drug-
resistant malignancies (122). The use of organoids in clinical research remains in the early stages. 
Organoid-guided drug sensitivity testing helps identify potential therapies for recurrent or resistant 
tumors and supports the development of new drugs. Additionally, organoids can generate multi-omics 
data that aid in establishing molecular subtypes of drug resistance and in discovering and validating 
biomarkers for resistance. 

Discussion 

Tumor drug resistance is a primary cause of failure in cancer treatment. Traditional models for studying 
tumor drug resistance, such as cell lines and animal experiments, have significant limitations. 
Conversely, organoids can closely replicate tissue architecture and cellular diversity, providing unique 
advantages in studying drug resistance (123-125). As a preclinical model, organoids with high fidelity 
serve as a novel platform for examining drug resistance. Recent progress includes investigating 
resistance mechanisms in basic research, evaluating new treatment regimens in preclinical models, and 
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participating in clinical trials to accelerate the translation of new drugs or therapies into clinical 
practice.  

Because of the absence of microenvironment components, an organoid-based coculture system 
involving immune cells, non-immune cells, and tumor cells was developed to explore the role of the 
TME in drug resistance. Co-culturing organoids with stromal cells to mimic the in vivo immune 
microenvironment of primary tumors can more accurately reflect drug responses. Recently, 
vascularization and immune microenvironment modeling using organoid technology have become a 
focus of research. TME (such as immune cells, fibroblasts, and vascular networks) plays a key role in 
drug resistance. Cocultures of gastric cancer organoids and immune cells were used to study the 
immunosuppressive function of myeloid-derived suppressor cells (MDSCs), showing that PD-L1 
expression is controlled by the mTOR signaling pathway in gastric cancer (126). Additionally, 
increased tumor growth and reduced cytotoxic T-cell proliferation were observed in cocultures of PCOs 
with MDSCs (127). Overall, improving organoid technology through coculture systems could be a 
promising in vitro platform for modeling the tumor immune environment. 

Currently, organoids are being used to investigate and validate mechanisms of drug resistance 
(128,129). Additionally, organoids could serve as an excellent platform for testing novel and promising 
combination treatment strategies to overcome drug resistance. Here, seven hepatobiliary tumor 
organoids were generated to investigate heterogeneity and evolution using single-cell RNA sequencing. 
HCC272, which exhibits a high level of epithelial-mesenchymal transition, shows broad-spectrum drug 
resistance (130). Given advances in sequencing and multi-omics analysis approaches combined with 
patient-derived iPSC models and gene-editing platforms, substantial progress has been made in 
diagnosing and treating rare and undiagnosed diseases. These techniques provide a solid foundation for 
future precision medicine studies (131). Although organoids have entered clinical trials, their role 
remains primarily in basic validation and early exploration of drug resistance mechanisms. Due to 
ethical constraints surrounding organoids, there are currently few interventional studies using organoids 
to guide clinical treatment for patients with rare tumors or those facing multidrug-resistant relapses. 
Treatment strategies based on organoid drug screening can guide clinical therapy, provided patients 
give full informed consent. 

Limitations and critiques of PDO models 

Although organoids are hailed as "near-physiological organ analogs" and demonstrate significant 
potential in fundamental cancer research and clinical applications, several critical bottlenecks and 
challenges remain. Primarily, the establishment, maintenance, and passage of organoids incur 
substantial costs and lack standardized, optimized methods. Current success rates in generating 
organoids for various cancer types show considerable variability (132-134). This can lead to poor 
reproducibility of organoid-based applications. Additionally, the absence of environmental components 
and a vascular network may hinder accurate modeling and prediction of therapeutic responses and limit 
their widespread use in studies of drug resistance (135-137). Thirdly, the original tumor tissue used to 
derive organoids reflects only local genetic characteristics, resulting in differences between in vivo and 
in vitro conditions. Therefore, sample heterogeneity adds complexity and hampers validation of the 
predictive value of clinical efficacy in organoids. Sampling tissue from multiple regions of the same 
tumor may better capture tumor heterogeneity and more reliably advance translational cancer research. 
Due to limitations of organoids and the restricted application of emerging experimental techniques in 
organoid models, their use in studying tumor drug resistance and in clinical trials remains 
straightforward. In-depth research on drug resistance will likely require breakthroughs in organoid and 
experimental technologies. 
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Future directions and technological integration 

An increasing number of innovative technologies are emerging to overcome these limitations and 
leverage the inherent strengths of organoids, thereby enabling in-depth research into tumor drug 
resistance using organoid models. The recent revolution in genome-editing technologies (CRISPR-
Cas9) offers a platform to explore the effects of ‘repairing’ disease-causing genes. Organoids can be 
used to test whether repair of a specific oncogenic mutation reverses the tumorigenic phenotype 
(138,139). The CRISPR-Cas9 strategy has been employed to generate mutant organoid lines or to 
correct the gene locus via homologous recombination in organoids. These edited organoids provide a 
valuable tool for studying mechanisms of drug resistance (140,141). A platform for pooled CRISPR-
Cas9 screening in human colon organoids proves useful for patient-specific functional genomics (142). 

Furthermore, new sequencing techniques could be applied to organoid models, including single-cell 
sequencing, multi-omics analysis, and spatial transcriptomics, thereby facilitating in-depth research on 
drug resistance (143,144). The combination of brain organoids and single-cell sequencing uncovers 
molecular and cellular abnormalities induced by microgravity during human brain development (145). 
Innovative technologies based on organoids may offer new insights into the molecular networks 
underlying resistance and into the development of targeted drugs for clinical use. Additionally, the 
integration of organoids and artificial intelligence (AI) is an emerging approach that aims to build more 
complex and accurate models of human diseases and serve as a powerful tool for drug discovery, disease 
diagnosis, and treatment development (146). AI-assisted organoid drug screening allows high-
throughput, automated, and standardized processes, which are expected to improve the efficiency of 
preclinical screening and accelerate clinical translation. Organ-on-a-chip (OoC) technology, which 
faithfully reproduces organ-level physiology and pathophysiology, holds significant promise for 
advancing drug development (147-150). We anticipate that coupling OoC and AI will further reveal 
mechanisms of drug resistance and enhance drug discovery (146, 151).  

Additionally, because organoids lack specific essential TME components, 3D bioprinters have emerged 
as tools to create high-resolution microstructures that mimic TME complexity, thereby offering a 
precise model for personalized anti-cancer drug screening (152,153). It has been reported that 3D 
bioprinting technology was used to accurately produce kidney and breast organoids for drug assessment 
and screening (154,155). Moreover, co-culture systems and microfluidic chip systems based on 
organoids have become key areas of focus for developing biomimetic microenvironments and diverse 
cell populations (156-159). Additionally, angiogenesis, a vital component of the TME, plays a pivotal 
role in tumor growth and resistance by supplying nutrients and facilitating tumor cell dissemination 
(160, 161). Alongside an improved co-culture system, a microfluidic platform integrating functional 
vascularized organoids-on-a-chip has been used to establish organoid perfusion via advanced 
microfluidics (162). Current efforts to vascularize organoids still face challenges in accurately 
mimicking tumor vasculature, hindering studies of tumor progression and therapeutic response (163). 

With the emergence of the novel technologies mentioned above, organoids are increasingly important 
in regenerative medicine. These emerging uses of organoids create new opportunities for rapid 
multiplex drug screening and developing personalized cancer models, signaling a major shift in drug 
resistance studies and pharmaceutical progress. This will encourage broader and more thorough use of 
organoids in clinical trials, thereby shortening development timelines and reducing costs. As 
understanding of tumor drug resistance mechanisms advances, molecular subtypes associated with 
resistance across various cancers will become more precise. Molecular subtype-guided clinical 
diagnosis and treatments will further enhance precision medicine practices. 
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