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In recent years, tumor organoid technology has emerged as a crucial bridge

connecting basic research and clinical applications with a deeper understanding

of tumor biology. This technology enables reconstruction of tumor-native

structures in vitro and their microenvironments, providing new possibilities for

assessing individual responses and optimizing treatment strategies. This paper

details the application prospects of organoid technology in tumor immune

microenvironment reconstruction, personalized therapy, and drug screening. It

also analyzes the current challenges faced by organoid technology in clinical

translation, including model standardization, the integrity of immune

microenvironment reconstruction, and the importance of interdisciplinary

collaboration. Furthermore, we discuss how emerging technologies, such as

3D bioprinting and microfluidic chips, are driving advancements in tumor

research. In the future, tumor organoid technology will used to support

precision immunotherapy by establishing standardized processes and

databases to enhance data comparability and reproducibility. creating a

closed-loop system of “patient-organoid-multi-omics data-clinical decision

support” will further promote the development of precision medicine and

facilitate clinical application.
KEYWORDS

immune microenvironment, model standardization, personalized therapy, precision
immunotherapy, tumor organoids
1 Introduction

Over the past few decades, traditional two-dimensional (2D) cell culture methods have

served as the primary platform for tumor biology research and drug screening due to their

ease of use, low cost, and scalability (1–3). Researchers can rapidly cultivate large

populations of homogenous cells on the surface of plastic culture dishes or flasks,

allowing for in-depth exploration of fundamental characteristics such as tumor cell
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proliferation, migration, invasion, and drug sensitivity using a

variety of established molecular and cellular techniques (4, 5).

However, the inherent structural limitations of 2D adherent

cultures have become increasingly apparent. Firstly, these systems

cannot reconstruct the spatial polarity and gradient molecular

distribution of cells within the three-dimensional (3D)

architecture of in vivo tissues, leading to significant deviations in

cell morphology, adhesion, and signal transduction pathways (6, 7).

Secondly, the absence of authentic cell–cell and cell–matrix

interactions makes it challenging to replicate the complex

biological processes that involve multiple cell types and

extracellular matrix (ECM) components in real tissue structures

(8). Furthermore, as a typical culture system for a single tumor cell

subtype, the 2Dmodel fails to simulate the multifaceted interactions

of immune cells, stromal cells, vascular networks, and inflammatory

factors present in the tumor microenvironment (TME) (9).

Consequently, studies on drug sensitivity and antitumor

mechanisms derived from this model often struggle to make

accurate predictions when translated to clinical settings (10).

To overcome the limitations of two-dimensional cell culture,

animal models, particularly patient-derived xenograft (PDX)

models, have been widely utilized in tumor biology and new drug

development. PDX models maintain the complex interactions

between transplanted tissue and host within an in vivo three-

dimensional structure by implanting patient tumor tissues either

orthotopically or ectopically into immunodeficient mice. This

approach effectively preserves the genomic and phenotypic

characteristics of the primary tumor, facilitating processes such as

angiogenesis, stromal support, and partial recapitulation of in situ

signaling pathways (11–13).However, PDX models also exhibit

notable shortcomings. Their reliance on immunodeficient or

humanized mice limits the assessment of bidirectional

interactions between human immune cells and tumor cells. The

success rate of transplantation is heavily influenced by the quality of

donor tissue and the genetic background of the mouse strains, with

construction cycles extending from several months to half a year,

resulting in high costs and ethical concerns (14). Additionally, due

to interspecies differences in immunity and metabolism, PDX

models show limited efficacy in studying the mechanisms of
Abbreviations: 2D, Two-Dimensional; 3D, Three-Dimensional; ALI, Air-Liquid

Interface; AV-Scaf, Acoustic Virtual Scaffold; BiTEs, Bispecific T-cell Engagers;

CAFs, Cancer-Associated Fibroblasts; CAR-T, Chimeric Antigen Receptor T-cell;

CRC, Colorectal Cancer; CTLA-4, Cytotoxic T-Lymphocyte-Associated Protein

4; DC, Dendritic Cell; ECM, Extracellular Matrix; EGF, Epidermal Growth

Factor; FGF, Fibroblast Growth Factor; ICIs, Immune Checkpoint Inhibitors;

MDSCs, Myeloid-Derived Suppressor Cells; MPDO, Melanoma Patient-Derived

Organoid; MSI-H, Microsatellite Instability-High; MSS, Microsatellite Stable;

NSCLC, Non-Small Cell Lung Cancer; PBMC, Peripheral Blood Mononuclear

Cell; PD-1, Programmed Cell Death Protein 1; PD-L1, Programmed Death-

Ligand 1; PDO, Patient-Derived Organoid; PDX, Patient-Derived Xenograft;

scRNA-seq, Single-Cell RNA Sequencing; SOP, Standard Operating Procedure;

TAMs, Tumor-Associated Macrophages; TILs, Tumor-Infiltrating Lymphocytes;

TMB, Tumor Mutation Burden; TME, Tumor Microenvironment; TNBC, Triple-

Negative Breast Cancer; Tregs, Regulatory T Cells.
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immunotherapy and evaluating immunogenicity. In summary,

while traditional 2D cell culture and PDX models each have their

advantages, they also possess distinct limitations (15, 16). In

particular, there is an urgent need for new technological

breakthroughs to fill the gap in existing research platforms,

especially in the context of precision immunotherapy, which

demands high fidelity, low-cost, high-throughput, and

reproducible in vitro models that can accurately replicate the

immune microenvironment.

To establish a more in vivo-like three-dimensional tumor

microenvironment in vitro, the scientific community has

gradually developed 3D cell culture techniques. Early 3D cultures

primarily relied on low-attachment culture plates or scaffold

materials, allowing cells to spontaneously aggregate into spheroids

under the influence of gravity; however, these methods often had

limited efficacy in maintaining long-term functionality and

expression (17, 18). In 2009, Sato et al. first reported the

successful in vitro culture of mouse and human intestinal stem

cells, constructing intestinal organoids within Matrigel that

possessed self-renewal and multipotent differentiation capabilities.

This achievement marked a milestone in organoid research (19).

Subsequently, researchers expanded this technology to various

organs, including breast, liver, pancreas, and lung tissues,

gradually establishing a repository of organoids representing

multiple tumor types (20–22).

The core advantages of tumor organoids over traditional

models are reflected in several key aspects: First, maintenance of

three-dimensional structure. Organoids grow within Matrigel,

reconstructing the multilayered spatial architecture of tumors,

allowing cells to exhibit more native polarity and morphology in

a three-dimensional environment (23). Second, preservation of

heterogeneity. Tumor tissues derived from primary or metastatic

sites inherently include various tumor cell subpopulations and

corresponding driver gene mutation profiles, enabling the

coexistence of clonal evolution and resistant subpopulations in

vitro (24). Third, reconstruction of the local microenvironment.

Researchers can introduce immune cells, stromal fibroblasts,

vascular endothelial cells, and other tumor-associated

components into the organoid culture system, creating “immune-

enhanced” or “stroma-rich” organoid models to better simulate the

complex cell–cell and cell–matrix interactions found in vivo (25).

Fourth, high-throughput compatibility. The typical culture period

for organoids ranges from 2 to 4 weeks, and the culture conditions

can be adapted to microplate formats, making them compatible

with automated liquid handling systems and high-throughput

sampling and analysis. This provides an efficient platform for

personalized drug sensitivity testing and large-scale drug

screening (26). Therefore, organoid technology has transcended

the limitations of traditional models in terms of personalization and

predictability by virtue of its ability to faithfully recapitulate patient-

s p e c ifi c t umor he t e r og ene i t y , t h e c omp l e x t umor

microenvironment, and dynamic immune interactions in vitro.

This offers a unique and unprecedented platform for advancing

truly personalized precision immunotherapy for individual patients,

encompassing efficacy prediction, investigation of resistance
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mechanisms, and screening of combination treatment regimens

(See Figure 1).
2 Comparative analysis of tumor
organoid technologies and challenges
in precision immunotherapy

2.1 Comparative analysis of model systems:
advantages and disadvantages of
organoids versus traditional techniques

To comprehensively evaluate the applicability of different

models in tumor research and drug screening, several key

dimensions can be compared: culture duration, cost investment,

success rates, preservation of heterogeneity, depth of immune

microenvironment reconstruction, and high-throughput

compatibility. Immortalized 2D cell lines have the most

advantages in terms of culture duration, typically yielding large

quantities of cells within a few days to a week, at the lowest cost and

highest throughput. They are suitable for large-scale screening and

gene function validation; however, their fidelity is the lowest,

making it difficult to reflect the polyclonal characteristics and

complex microenvironment of in vivo tumors (27–30).

In contrast, PDX models excel at preserving the original tissue

structure and microenvironment of patient tumors, but they come

with long construction cycles (ranging from several months to half a

year) and high costs. Additionally, the requirement for

immunodeficient mice limits their utility in studying immune
Frontiers in Immunology 03
mechanisms and evaluating immunotherapy (31, 32). Tumor

organoid models fall between these two extremes, with culture

periods of approximately 2 to 4 weeks, moderate costs, and high

success rates. They can simulate three-dimensional structures and

some aspects of the immune microenvironment in vitro, offering

both high throughput and strong fidelity (33, 34). This makes them

an ideal platform for predicting personalized treatment responses

and conducting mid-scale drug screening.
2.2 Existing technological bottlenecks:
challenges in microenvironment
reconstruction and standardization

Despite the advantages of tumor organoids over traditional

models, they still face significant technological bottlenecks in

reconstructing the integrity of TME (27, 35–37). Firstly, the

reconstruction of vascular networks and the physical-mechanical

environment is still underdeveloped. Current mainstream matrix

gel systems struggle to simulate in vivo hemodynamics and oxygen

gradients, which impacts drug penetration studies and the

exploration of hypoxia-related mechanisms (28, 38). Secondly, in

immune co-culture systems, maintaining the long-term survival

and functional activity of immune cells (such as effector T cells,

macrophages, and natural killer cells) within a three-dimensional

matrix, while ensuring authentic dynamic interactions with tumor

cells, remains a significant challenge (31, 39). Moreover, there are

notable differences among laboratories in terms of culture medium

components, matrix formulations, cell seeding densities, and

culture conditions, leading to a lack of unified standard operating
FIGURE 1

Exploration and application of tumor organoid technology in precision immunotherapy.
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procedures (SOPs) and quality control standards. This results in

inadequate reproducibility of models and comparability of data.

Specifically, the current challenge in standardizing organoid models

lies in a fundamental systemic contradiction: the inherent nature of

tumor heterogeneity necessitates personalized culture protocols, as

different cancer types—or even subtypes within the same cancer—

may require significantly distinct culture conditions. This inherent

need for customization makes it extremely difficult to establish

universal “one-size-fits-all” standards, creating a core conflict with

the very objective of standardization, which strives for general

applicability (33). At the technical level, heavy reliance on key

reagents with complex compositions and significant batch-to-batch

variations—such as Matrigel—introduces substantial variability,

undermining experimental reproducibility. More critically,

existing quality control standards predominantly focus on “static”

parameters like morphology and genotype, while lacking a unified

system for evaluating “functional fidelity,” such as drug response

and immune interactions (28, 31).Consequently, most standard

operating procedures developed by individual laboratories have

not been validated through large-scale, multi-center studies,

casting doubt on their general applicability and clinical relevance.

Additionally, there is currently no established multidimensional

assessment framework covering morphology, genomic stability, and

functional testing, which limits the widespread application of

organoid models in cross-center collaborative research and

preclinical validation (33, 40). To address these shortcomings,

efforts are urgently needed to optimize matrices, improve co-

culture conditions, and establish standardized platforms,

providing robust support for the in-depth application of tumor

organoids in precision immunotherapy.

In summary, while traditional 2D cell cultures and PDX models

each have their strengths, they struggle to balance fidelity and

throughput. Tumor organoid technology offers a new opportunity

for precision immunotherapy research, thanks to its comprehensive

advantages in maintaining three-dimensional structure, preserving

heterogeneity, and partially reconstructing the immune

microenvironment. A comparative classification of different

models is presented in Table 1. However, to achieve an efficient

feedback loop from in vitromodels to clinical decision-making, it is
Frontiers in Immunology 04
essential to continue addressing key issues related to TME integrity,

immune co-culture, and standardization processes, laying a solid

foundation for the in-depth discussion of model construction and

optimization strategies in subsequent chapters.
2.3 Challenges of tumor heterogeneity and
immune escape in personalized precision
immunotherapy

The complexity of tumors arises from their multilayered

heterogeneity, manifesting as spatial heterogeneity, temporal

heterogeneity, and genomic heterogeneity (29, 35). Spatial

heterogeneity refers to differences in gene expression, metabolic

states, and treatment sensitivities among different regions of the

same tumor. Temporal heterogeneity reflects the continuous

evolution of new clonal subpopulations in response to growth,

metastasis, and therapeutic pressures. Genomic heterogeneity stems

from the genomic instability of cancer cells, presenting as high-

frequency mutations, gene amplifications, and deletions. These

heterogeneity factors lead to markedly different responses to

therapies targeting the same biomolecule among different

patients, different lesions, or even different sites within the same

lesion (30, 36).

Concurrently, the mechanisms by which tumors evade immune

surveillance are becoming increasingly complex. On one hand,

tumor cells can directly inhibit T cell activity by upregulating

immune checkpoint molecules such as PD-L1 and CTLA-4

ligands. On the other hand, the tumor microenvironment is often

enriched with immunosuppressive factors (e.g., TGF-b, IL-10) and
immunosuppressive cells (e.g., regulatory T cells, myeloid-derived

suppressor cells, and M2 macrophages), forming a multifaceted

inhibitory network. Furthermore, defects in antigen presentation or

decreased antigen diversity hinder effector T cells from accurately

recognizing and eliminating cancer cells (32, 34, 38, 39). The

cumulative effects of these factors result in significant variability

in the efficacy of identical immunotherapeutic approaches between

different patients and even among different lesions within the same

patient, complicating the development of reproducible personalized
TABLE 1 Comparative analysis of tumor organoid models and traditional models.

Comparison dimension 2D cell line PDX model Tumor organoids References

Culture Period 3–7 days 4–8 months 2–4 weeks (41–43)

Cost Low High Moderate (12, 44, 45)

Construction Success Rate >95% 30-60% 70-85% (43, 45–48)

Heterogeneity Retention Poor (Monoclonal)
Excellent (Retains primary

features)
Good (Polyclonal subpopulations) (33, 49, 50)

Immune Microenvironment
Reconstruction

Not achievable
Limited (Lacks human

immunity)
Partially achievable (Requires co-culture) (28, 31, 33, 50)

High-Throughput Compatibility Excellent (96/384-well plates)
Poor (Limited by animal

experiments)
Good (24/96-well plates) (43, 51, 52)

Applicable Scenarios
Primary screening/Mechanistic

studies
Preclinical validation

Personalized drug sensitivity/
Immunotherapy research

(49, 53–55)
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treatment strategies (37, 40). Thus, establishing high-fidelity models

that can simultaneously reproduce the polyclonal heterogeneity of

tumors, their spatiotemporal dynamics, and complex immune

interactions has become a core requirement in the research of

precision immunotherapy. This also indicates the direction for

further refinement and application of tumor organoid technology.

It is precisely the severe challenges posed by the aforementioned

tumor heterogeneity and immune escape mechanisms to

individualized therapy that underscore the urgency and unique

value of developing tumor organoid technology. While traditional

models struggle to recapitulate such a complex microenvironment

characterized by polyclonal coexistence, dynamic evolution, and

profound immunosuppression, tumor organoid technology—by

virtue of its three-dimensional architecture, patient-derived

nature, and immune co-culture systems—offers a means to

simultaneously replicate and study these challenges in vitro.

Although current organoid models still face limitations in areas

such as vascularization, long-term immune cell survival, and

standardization, they serve as a critical window into

understanding tumor complexity and remain an indispensable

bridge for overcoming these challenges and advancing precision

immunotherapy toward clinical application.
3 Tumor organoid model
construction: from sample collection
to system optimization

To provide an integrated overview of the methodology

discussed in this section, Figure 2 summarizes the complete

workflow of tumor organoid construction, immune enhancement,

multi-omics profiling, and clinical decision support.
Frontiers in Immunology 05
3.1 Sample acquisition and preprocessing

The diversity of sample sources significantly determines the

ability of established models to accurately reflect tumor

heterogeneity and the immune microenvironment (56). Generally,

there are three main sources: primary tumor tissue, metastatic

lesion tissue, and liquid biopsy samples (e.g., pleural effusion,

ascites). Primary tumor tissue can be obtained through surgical

resection or image-guided biopsy (e.g., ultrasound or CT-guided

core needle biopsy) (42, 57). Surgical specimens can provide large

tissue blocks, often several centimeters in size, suitable for large-

scale organoid culture. Biopsies are particularly useful for patients

who cannot undergo surgical resection due to advanced disease or

insufficient functional reserve. To ensure sample representativeness

and viability, it is recommended to transport samples rapidly under

cold chain conditions: placing tumor tissue in pre-cooled sterile

culture medium (e.g., DMEM/F12 mixed base containing penicillin/

streptomycin and antifungal agents) and transferring to the

laboratory within 1 hour at 4 °C. Tumor metastatic lesions (e.g.,

lymph nodes, liver, lung, bone) are also important sources for

models, as they often reflect clonal selection and immune evasion

characteristics during tumor progression (12, 58). Typical collection

methods include image-guided organ biopsies (CT/ultrasound-

guided), surgical or endoscopic excision of lesions, and

percutaneous vertebral biopsy (for bone metastases). Similar to

primary tissues, sampling from metastatic lesions requires strict

aseptic techniques and cold chain transport to minimize the loss of

tumor stroma and infiltrating immune cells.

Pleural or ascitic fluids often contain shed tumor cells, tumor-

associated macrophages, lymphocytes, etc. These samples can be

obtained non-invasively or with minimal invasiveness via

thoracentesis or paracentesis (59, 60). Liquid biopsies offer
FIGURE 2

Workflow of tumor organoid technology supporting precision immunotherapy.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1723995
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhao et al. 10.3389/fimmu.2025.1723995
advantages such as non-invasiveness and the ability to perform

repeat sampling to monitor tumor dynamics; however, several

points must be considered: a. A sample volume of 10–50 mL is

generally recommended to ensure sufficient cell numbers; b. Rapid

centrifugation (300–500 g, 5–10 min) is necessary to collect cell

aggregates and remove blood cell contaminants using red blood cell

lysis solution; c. Mechanical shear should be minimized during

processing to avoid cell rupture and the loss of surface molecules.

Parallel collection of multi-modal samples can provide a more

comprehensive reflection of tumor heterogeneity and differences

in the immune microenvironment within the same patient. Prior to

tissue submission, on-site cytological smears can be prepared for

quick assessment to filter out non-tumor components, ensuring

that only confirmed tumor regions are used for organoid culture

(61). In a pilot study, a team assessed 64 samples on-site, achieving

diagnostic specimens in 82.2% of cases, thereby providing a precise

histological guarantee for subsequent tumor organoid cultures (61).
3.2 Organoid culture systems and dynamic
technologies

3.2.1 Tumor tissue pretreatment
In the sample collection and preliminary processing stages,

improper handling can lead to the loss of tumor-infiltrating

immune cells and stromal components, negatively impacting the

ability of organoid models to accurately recreate the tumor

microenvironment (62, 63). Key considerations include:(1)Cold

Chain and Time Management:Samples should be placed in a 4°C

culture medium immediately after collection, with the entire

transport and pre-processing process ideally kept within 1 hour.

Prolonged exposure to room temperature should be avoided to

minimize cell apoptosis and pro-inflammatory responses.

Additionally, adding 0.5% or more bovine serum albumin and

antioxidants (e.g., N-acetylcysteine) to the culture medium can help

buffer cellular stress (62).(2)Antibiotic and Enzyme Treatment:To

reduce the risk of bacterial and fungal contamination, broad-

spectrum antibiotics and antifungal agents should be added to the

transport and processing media. Proteinase inhibitors (e.g., PMSF)

and metalloproteinase inhibitors (e.g., EDTA or EGTA) should also

be included to protect the structural integrity of matrix proteins

(47).(3)Mechanical and Chemical Approaches:Combining

appropriate mechanical cutting (e.g., using sterile surgical blades)

with gentle enzymatic digestion (using an enzyme solution

containing 0.2–1 mg/mL collagenase IV and 0.5 mg/mL dispase,

incubated at 37 °C for 20–30 minutes) can help preserve the

integrity of cell aggregates while maintaining the cell-matrix

interaction interface.(4)Microenvironment Percentage Indicators:

Af te r pre -process ing , immedia te flow cytometry or

immunohistochemical assessments should be conducted to

evaluate the relative abundance of CD45+ immune cells, a-SMA+

fibroblasts, and collagen I/III matrix components. If the matrix

components are below 50% of the in situ levels, it is advisable to

reduce the digestion time or use lower concentrations of digestive

enzymes to maintain the tumor-stroma tissue complex (50).(5)
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Mechanical Micro-Cutting Tools:The recent introduction of micro-

instruments (e.g., μDicer and μGrater) has significantly improved

the reproducibility and efficiency of mechanical cutting. These

devices can generate 200–400 μm diameter tissue fragments

within minutes, while effectively preserving infiltrating immune

cells and matrix components (64).

Tissue preprocessing is the primary step in constructing

organoids, and its quality directly influences subsequent

amplification efficiency and model consistency (65). Traditional

methods often rely on high concentrations of enzymes for rapid

single-cell suspension generation, which can disrupt cell–cell and

cell–matrix interactions, making it difficult to preserve the in situ

structure of immune infiltrates and tumor stem cell subpopulations.

Purely mechanical cutting is time-consuming and lacks

reproducibility (66). Current optimized approaches typically

combine the advantages of both methods, with specific steps as

follows:(1)Mechanical Pre-Cutting: a. In a sterile laminar flow

hood, place the cold-chain transported tissue in pre-cooled

culture medium and cut with a sterile surgical blade along the

direction of vascular distribution to obtain approximately 1 mm³

tissue chunks;b. If conditions permit, use a μDicer for overall

homogenization of the tissue chunks. This device features a

precision micro-blade array that can quickly generate uniform

fragments while controlling pressure and cutting depth (66).(2)

Gentle Enzymatic Digestion:a. Place the mechanically cut tissue in a

digestion solution containing 0.2–0.5 mg/mL collagenase IV and 0.5

mg/mL dispase, and incubate gently in a 37°C water bath for 15–30

minutes;b. During digestion, gently pipette or invert the tubes every

5 minutes to promote the separation of the intermediate layer while

avoiding excessive shear;c. After digestion, immediately add an

equal volume of culture medium containing 10% fetal bovine serum

to terminate enzyme activity, and filter through a 100 μm mesh to

collect 200–400 μm tissue fragments (65).(3)Quality Control: a.

Take a small amount of the digested fragments for live cell staining

(e.g., Calcein-AM/PI dual staining) to assess cell viability, which

should exceed 80%;b. Detect the distribution ratios of stem cell and

matrix-related markers (e.g., LGR5, CD44, a-SMA) in the tissue

fragments using flow cytometry or immunofluorescence for rapid

assessment. By employing the “mechanical micro-cutting + gentle

enzymatic digestion” workflow, it is possible to enhance preparation

efficiency and reproducibility while ensuring cell viability and

functional diversity, thus better preserving the spatial distribution

of tumors along with their infi l t rat ing immune and

stromal components.

3.2.2 Culture medium systems and matrix
selection

The self-organization and long-term maintenance of organoid

models depend on suitable base materials and combinations of

growth factors. The commonly used systems include the following:

(1)Matrigel is rich in laminin and collagen IV, typically used at

concentrations of 8–10 mg/mL. It is embedded as 50 μL droplets in

24-well plates to form semi-solid droplets. After solidification, a

complete culture medium based on DMEM/F12 is added,

commonly including EGF (50 ng/mL), R-spondin 1 (500 ng/mL),
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Wnt3A conditioned medium (10–15%), Noggin (100–200 ng/mL),

and additives like N2/B27, insulin, and selenium. This system can

effectively support the three-dimensional growth, redifferentiation,

and cryopreservation of organoids, making it suitable for most solid

tumor-derived organoid cultures (67–69).(2)To achieve controlled

composition and batch consistency, recent years have seen the

development of PEG-based, alginate-based, and GelMA modified

hydrogels. These materials allow for the modulation of matrix

stiffness (in the range of 0.5–2 kPa) through crosslinking,

facilitating studies on the impact of matrix mechanics on tumor

cell proliferation and signaling pathway activation. Compared to

Matrigel, synthetic hydrogels offer advantages such as lower

immunogenicity, the ability to introduce specific adhesive peptide

sequences (e.g., RGD), and ease of chemical modification and high-

throughput automated preparation (70–73).(3)In Air-Liquid

Interface (ALI) culture, tissue fragments or organoids are

embedded in collagen I or Matrigel and placed above a Transwell

plate with a semi-permeable membrane. The lower chamber is filled

with complete culture medium, ensuring continuous immersion of

the base while maintaining a humidified gas phase above. This

strategy significantly improves oxygen diffusion efficiency and

preserves the inherent stroma and immune cells of the tumor.

Tumor organoids generated through ALI culture can co-express

tumor cells, fibroblasts, and various infiltrating immune

subpopulations over extended periods, facilitating immune drug

screening without the need for additional reconstruction (74–77).

3.2.3 Dynamic culture systems and applications
of emerging technologies

Static culture conditions fail to simulate the continuous supply

of nutrients and the removal of metabolic waste found in vivo, often

leading to central hypoxia or nutrient unevenness. The integration

of dynamic culture and emerging technologies provides new

strategies for constructing a more physiologically relevant tumor

microenvironment (78).(1)Microfluidic Chips (Organoid-on-

Chip):This technology introduces organoids or tumor cells along

with the matrix into a network of microchannels. By precisely

designing flow rates and shear force gradients, it enables the

dynamic delivery of nutrients, oxygen, and cytokines while

facilitating waste metabolism. This approach allows for

quantitative assessments of drug transport kinetics, cell migration

pathways, and real-time interactions between immune and tumor

cells (45, 78–80).(2)3D Bioprinting:Utilizing low-shear extrusion or

digital light processing techniques, tumor cells, stromal cells, and

pre-fabricated bioinks (including collagen, hyaluronic acid, and

gelatin methacrylate) are layered to create complex structures. 3D

bioprinting not only forms highly spatially resolved scaffold

architectures but also allows for the precise localization of

different cell subpopulations, achieving accurate recapitulation of

heterogeneous tissues. Recent studies indicate that using patient-

derived cells for 3D bioprinting can swiftly generate in vitro

immune-tolerant or susceptible models, providing a new platform

for investigating mechanisms of immune therapy resistance (81–

84).(3)Acoustic Virtual Platforms without Scaffolds (AV-Scaf):This

method utilizes acoustic fields to drive cells to self-assemble in
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three-dimensional space, forming size-controlled aggregates

without the need for exogenous scaffold materials. This technique

accelerates organoid formation and facilitates direct contact

between tumor and immune cells, significantly enhancing T cell

activation states, as evidenced by substantial upregulation of

Granzyme B and IFN-g, thereby aiding efficient assessments of

immune responses (85). By combining these various technologies,

dynamic culture systems can more authentically reconstruct the

characteristics of tumors in vivo, providing a more reliable in vitro

platform for precision immunotherapy research.
3.3 Immune co-culture and functional
enhancement

While conventional tumor organoids can retain certain tumor

cell heterogeneities, they often lack immune components, making it

challenging to comprehensively assess immunotherapeutic effects.

Therefore, constructing “immune-enhanced” organoids has

become a focal point in research.(1)Retention of Autologous

Infiltrating Immune Cells:Immune cells such as tumor-infiltrating

lymphocytes (TILs) and macrophages retained through ALI or

micro-cutting technologies (μDicer/μGrater) can participate in

immune response assessments without additional reconstruction.

This model has been successfully applied in studies of anti-PD-1

immunotherapy responses, demonstrating immune cell

compositions and functional characteristics similar to those found

in vivo (64, 86).(2)Reconstruction of Exogenous Immune Cells:a.

PBMC Co-Culture: Peripheral blood mononuclear cells (PBMCs)

can be seeded onto the surface of organoids or in suspension at

ratios of 5:1 to 20:1, with culture medium supplemented with IL-2

and IL-7 to promote T cell expansion and activation (87);b. TIL

Reconstruction: High-purity CD8+ TILs can be obtained through

Raman sorting or microfluidic sorting and then directed into tumor

organoids to study tumor-specific immune recognition and killing

mechanisms;c. Involvement of CAFs: Introducing patient-derived

cancer-associated fibroblasts (CAFs) can create a ternary co-culture

system that includes intrinsic immune cells, tumor cells, and

stromal cells. This setup better simulates the immunosuppressive

microenvironment and the impact of fibrotic barriers on immune

cell infiltration (88).(3)Functional Interaction Verification:Real-

time imaging systems (IncuCyte) can be used to monitor T cell

aggregation and cytotoxicity against organoids. Flow cytometry can

assess the expression levels of cytokines like Granzyme B and IFN-g
to quantitatively evaluate immune-mediated cytotoxic responses. In

co-cultured melanoma organoids using the AV-Scaf platform, T cell

expression of Granzyme B increased from 2.82% to 17.5%, and IFN-

g from 1.36% to 16%, indicating a significant enhancement in

immune activity (85).

To elucidate mechanisms of immune evasion and optimize

immunotherapy, gene editing and functional marking techniques

can be introduced into tumor organoids. The CRISPR-Cas9 system

can be utilized to target and knock out or activate key immune

checkpoint genes (such as PD-L1, CTLA-4, TIM-3, etc.).

Monoclonal screening can then be employed to obtain gene
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knockout or overexpression clones. After gene editing, comparisons

can be made within the same batch of organoids regarding immune

cell infiltration and cytotoxicity under different gene statuses, aiding

in the identification of potential therapeutic targets or resistance

mechanisms (89). Fluorescent proteins (e.g., GFP, mCherry,

ZsGreen) or reporter genes (e.g., firefly luciferase) can be

transduced into different cell subpopulations to enable multicolor

tracking of tumor cells, fibroblasts, and T cells. Coupled with real-

time imaging and high-content analysis, this approach allows for

precise quantification of the spatiotemporal distribution and

dynamic interactions among various subpopulations (90).

Applying single-cell RNA sequencing (scRNA-seq) and single-cell

ATAC sequencing (scATAC-seq) to organoid samples helps

characterize the weighted features of immune cells, tumor stem

cell subpopulations, cytokine networks, and signaling pathway

activation states. For example, by performing scRNA-seq on cells

at different time points in co-culture models, researchers can track

T cell activation, exhaustion, and memory processes while

identifying key regulatory factors (91).

To enhance the reproducibility and data utility of organoid

models, a comprehensive data management and analysis platform

needs to be established.(1)Data Standardization and Quality

Control:A unified metadata template should be created, including

patient information, sample collection methods, culture parameters,

and batch numbers. This data can be recorded and tracked in a

Laboratory Information Management System (LIMS) in real-time.

Key quality control (QC) indicators should be established, such as

tissue fragment size distribution, cell viability, marker expression,

and genomic stability, and verified before and after each culture

batch.(2)Bioinformatics Support:Open-source software tools (such

as Seurat and Scanpy) can be used for the processing and

visualization of single-cell omics data. Tumor-immune interaction

network models can be constructed, utilizing cell communication

analysis tools (like CellChat and NicheNet) to infer potential

ligand-receptor pairs. Moreover, machine learning and deep

learning algorithms can be applied to perform integrative analyses

of multi-omics data (genomics, transcriptomics, proteomics,

metabolomics, etc.) to discover biomarkers associated with

responses to immunotherapy or drug resistance.(3)Multi-Center

Collaboration and Open Resources:Patent and literature trend

analyses indicate that over 700 patents related to organoid

technology have been filed globally, with a significant increase in

applications since 2015, particularly in tumor model construction

and drug screening, accounting for 76.3% of the patents (92). This

provides commercial and technical support for establishing an

international, multi-institutional database for tumor organoids

and immunotherapy. Laboratories should be encouraged to use

SOPs for cross-validation. Additionally, raw and processed multi-

omics data should be uploaded to data-sharing platforms to

facilitate algorithm iteration and model optimization.

Furthermore, a biorepository should be jointly established to

deeply link original organoid materials with detailed culture

parameters and response data.
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Through these multidisciplinary optimization strategies, the

support capability of tumor organoid models for precision

immunotherapy research can be continually enhanced, providing

a solid data and technical foundation for clinical translation.
3.4 Technical variations and unique
challenges in co-culture with different
immune cells

The central challenge associated with T cells stems from their

reliance on persistent antigen-specific activation and clonal

expansion. Technically, this necessitates either co-culture systems

(e.g., with antigen-presenting cells) or genetic engineering

approaches (such as CAR-T construction) to provide primary and

secondary activation signals. Consequently, the principal challenge

lies in maintaining T cells’ functional activation, clonal expansion

capacity, and cytotoxic efficacy over extended periods within 3D

organoids, while effectively preventing functional exhaustion.

The uniqueness of the challenge with macrophages is rooted in

their high contextual plasticity. A key technical distinction is that

macrophages do not require antigen-specific pre-sensitization;

however, precise regulation of microenvironmental cues (e.g.,

GM-CSF, IFN-g vs. M-CSF, IL-4/IL-13) is essential to direct their

phenotypic polarization. Thus, the major challenge involves

accurately steering and stabilizing their polarization toward the

anti-tumor M1 phenotype within co-culture systems, while

p r e v en t i n g t h e i r “ r e p r o g r ammin g ” by t h e t umo r

microenvironment into the pro-tumorigenic M2 phenotype.

Challenges with NK cells are primarily linked to their rapid

response mechanism, MHC-unrestricted killing, and relatively

short in vivo lifespan. Technically, maintaining NK cell survival

and basal activity relies more heavily on cytokine support (e.g., IL-

15) rather than complex pre-activation protocols. The distinctive

challenge, therefore, centers on overcoming their rapid functional

decline in vitro. This involves optimizing cytokine cocktails to

counteract immune evasion mechanisms—such as tumor cell

upregulation of HLA-I molecules or other resistance pathways—

that may compromise NK cell recognition and cytotoxicity.
4 Precision immunotherapy
applications: from drug screening to
mechanism elucidation

This chapter summarizes the application value of tumor

organoid models in precision immunotherapy, focusing on

organoid-based immunotherapy drug screening platforms, the

interaction mechanisms between immune cells and tumor cells,

and how organoids can support personalized immunotherapy. The

following sections detail the technical highlights, application cases,

and future development directions in each subfield.
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4.1 Organoid-based immunotherapy drug
screening

In recent years, as tumor immunotherapy has become a clinical

hotspot, traditional two-dimensional cell culture models and animal

experiments have shown significant limitations in simulating the

real tumor microenvironment and tumor heterogeneity. Tumor

organoid models, which effectively retain the tissue structure,

intercellular interactions, and some in situ immune components

of primary tumors, have gradually become important platforms for

screening immune-related drugs (93). In the study of immune

checkpoint inhibitors (ICIs), multiple experiments focusing on

colorectal cancer, breast cancer, and non-small cell lung cancer

have utilized organoid systems to observe T cell activation and

cytokine release (94). Researchers have constructed patient-derived

tumor organoid and exogenous immune cell co-culture systems

that not only simulate the inhibitory effects of the PD-1/PD-L1

signaling pathway but also enable accurate quantitative assessments

of ICI efficacy by detecting T cell infiltration and cytotoxicity

indicators within the organoids (95). Additionally, the application

of bispecific antibodies (BiTEs) has been well validated using

organoid platforms. These drugs can simultaneously bind to

tumor-associated antigens and T cell receptors, promoting T cell

accumulation near tumor cells, thereby significantly enhancing

tumor cell killing efficiency. By incorporating specific markers in

the organoid co-culture system, researchers can observe the direct

contacts and killing effects between T cells and tumor cells in real-

time, reflecting the biological effects produced after drug-mediated

immune cell activation (96). Furthermore, the development of

personalized tumor vaccines based on organoids has become a

research hotspot in this field (97, 98). Utilizing organoid models,

researchers can screen and predict neoantigens expressed in patient

tumors and subsequently test the activation effects of immune

vaccines in vitro. This method not only ensures that tumor

heterogeneity is fully considered during the screening process but

also simulates the real conditions of the patient’s original tumor

microenvironment in immune response evaluations, providing data

support for further personalized vaccine strategies (99). In these

studies, the secretion of immune cytokines, such as IFN-g and TNF-
a, serves as important reference indicators for evaluating drug

effects, providing experimental evidence for optimizing clinical

immunotherapy. In summary, the drug screening platforms

constructed using organoids, leveraging their ability to retain

native tumor heterogeneity and local immune environments, have

demonstrated immense potential in the screening of ICIs, bispecific

antibodies, and personalized vaccines, laying a solid foundation for

immunotherapy drug development and clinical translation.

In the tumor organoid platform, constructing precise drug

response profiles is crucial for evaluating the sensitivity and

resistance of immunotherapy drugs. First, methods such as MTT

and CCK-8 assays can quantitatively assess the survival rates of

organoid cells following drug treatment, providing intuitive

evidence for preliminary drug effect screening. Concurrently,

techniques like Annexin V/PI staining and caspase-3 activation

detection can monitor drug-induced apoptosis, revealing the
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molecular mechanisms underlying the cytotoxic effects on tumor

cells (100). In terms of immune effects, the organoid platform often

evaluates immune cell-mediated cytotoxic responses by measuring

the expression levels of perforin, Granzyme B, IFN-g, and TNF-a
(101). This multiparameter detection approach can eliminate

potential random errors associated with single indicators,

enhancing the sensitivity and accuracy of drug screening. For

instance, in the same patient-derived organoid system, the

quantitative changes in cytokine levels after different drug

treatments often exhibit significant individual variability. This

heterogeneity reflects the complex regulatory mechanisms of drug

responses at genetic and epigenetic levels (100).

To visually present drug response profiles, some studies employ

multidimensional data analysis techniques, such as heatmaps and

radar charts, to compare the activity, apoptosis rates, and immune

cell activation of different drugs within organoid models (102). Such

data integration not only aids in identifying potential efficient drug

combination strategies but also provides rich experimental evidence

for further exploration of tumor resistance mechanisms. By

comparing organoids derived from different patients, insights can

be gained into the sensitivity of certain drugs to specific molecular

subtypes, laying a theoretical foundation for precision personalized

medicine (103). Overall, the multiparameter detection strategy and

rigorous quantitative assessment methods enable the organoid

platform to construct drug response profiles that reflect both cell

viability and apoptosis, while accurately capturing the dynamic

changes in the release of specific cytokines by immune cells. This

provides reliable experimental support for the preliminary

screening of immunotherapy drugs and clinical prognosis.
4.2 Mechanistic insights into tumor–
immune interactions

To deeply explore the molecular mechanisms of tumor

immunotherapy and the principles of immune evasion,

constructing co-culture systems of organoids and immune cells

has become essential (104). In these systems, patient-derived

PBMCs, TILs, or DCs are typically used to replicate the

interactions between immune cells and tumor cells within the

tumor microenvironment (105). In specific experimental designs,

the timing and ratio of immune cell addition are critical. Studies

have shown that introducing immune cells during the early stages of

organoid formation or after the tumor cells have partially

established a 3D structure significantly impacts T cell activation

status, cell migration, and tumor cell killing efficacy. Notably, the

activation state and infiltration depth of T cells directly determine

the efficiency of apoptosis and lysis within the organoids.

Techniques such as flow cytometry and immunofluorescence

staining can accurately monitor the expression of T cell surface

activation markers (e.g., CD69, CD25) and cytokine secretion,

thereby dynamically reflecting the balance between immune cell

activity and tumor cell resistance (106). Additionally, tumor-

associated macrophages (TAMs) play a crucial role in co-culture

models. Research indicates that TAMs can polarize into M1 (pro-
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inflammatory, anti-tumor) or M2 (immunosuppressive, pro-

tumor) phenotypes within the tumor microenvironment. The

distinct functions of different macrophage subtypes in regulating

tumor cell invasion and immune responses are evident. By finely

tuning the ratio of macrophages in the co-culture system,

researchers can observe the dynamic balance between immune

subpopulations and their regulatory effects on tumor cell growth

curves, providing direct experimental evidence for elucidating

immune escape mechanisms (107, 108). Moreover, utilizing

multispectral imaging and high-resolution confocal microscopy

allows for real-time tracking of immune cell spatial distribution

and migration paths within organoids, further elucidating the direct

contacts and signaling processes between tumor cells and various

immune cell types. This dynamic interaction research not only aids

in understanding how immune cells exert synergistic cytotoxic

effects in the tumor microenvironment but also provides a

theoretical basis for optimizing immunotherapy strategies and

enhancing treatment sensitivity (93).

In the application of tumor immunotherapy, elucidating the

complex regulatory relationships of cell signaling and cytokine

networks is key to revealing the mechanisms of immunotherapy.

Currently, various molecular biology techniques are widely utilized

in this field, including Western blotting, quantitative real-time PCR

(qPCR), and enzyme-linked immunosorbent assays (ELISA). These

methods effectively detect the activation states of PD-L1, IFN-g
downstream regulatory factors, and other key signaling molecules,

allowing for quantitative assessment of molecular changes following

immunotherapeutic interventions (109). Simultaneously, multiplex

fluorescent staining combined with confocal microscopy can

visually demonstrate direct interactions between tumor cells and

immune cells, such as the formation of immunological synapses and

the distribution of intercellular signaling points. These imaging

techniques not only provide precise localization for studying

intracellular signaling but also offer dynamic imaging support for

real-time monitoring of T cell activity, migration, and cytotoxic

processes. The recent introduction of live-cell imaging systems has

significantly advanced the study of spatiotemporal dynamics,

enabling researchers to observe T cells as they migrate within

organoids, recognize, and kill tumor cells in real-time (109, 110).

Furthermore, cytokine network regulation plays a crucial role in

modulating immune balance within the tumor microenvironment.

By analyzing signaling pathways such as IL-6/STAT3 and Th1/Th2

balance, researchers can uncover the complex exchange

mechanisms between immune and tumor cells. As artificial

intelligence and machine learning technologies continue to

mature, image recognition and automated data processing have

become vital supplementary tools for real-time imaging techniques.

This not only enhances data processing efficiency but also greatly

expands the depth of analysis regarding complex signaling events

(111, 112). While there are still certain limitations in interpreting

specific cell communication events, the future integration of

multimodal imaging with automated algorithms will undoubtedly

provide more robust technical support for a comprehensive

understanding of immunotherapy mechanisms.
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4.3 Personalized immunotherapy and
multi-omics integration

The establishment of personalized treatment prediction systems

aims to move away from traditional “one-size-fits-all” treatment

models, tailoring the most suitable immunotherapy strategies for

each patient. Patient-derived tumor organoids serve as an ideal

platform for predicting immunotherapy outcomes due to their

ability to preserve the molecular characteristics and complex

microenvironment of tumors in their native state. In this system, by

simulating immune checkpoint inhibition, CAR-T cell therapy, and

other immunotherapeutic interventions in vitro, researchers can

comprehensively assess the effects of various treatment strategies on

tumor growth in patients (113, 114). Specifically, tumor samples

obtained from patient surgeries or biopsies undergo processing to

create 3D organoid models that retain complete immune components.

Subsequently, by applying different immunotherapy drugs to these

organoids, researchers can observe key indicators such as T cell

activation, cytokine release, and tumor cell apoptosis that may occur

in vivo. Quantitative detection of this data, when compared with the

patient’s clinical responses, can accurately predict treatment response

rates and the likelihood of adverse events, thereby providing

substantial support for clinicians in treatment selection and

dynamic efficacy assessment (96, 100). This “patient-organoid-

clinical feedback” prediction system not only reflects tumor

heterogeneity at the individual level but also enables real-time

adjustments to treatment strategies during immunotherapy. In some

prospective cohort studies, the sensitivity to immunotherapeutic

agents detected by organoid models has shown a high correlation

with the eventual treatment outcomes in patients, providing precise

evidence for subsequent clinical interventions (115, 116). By

leveraging this platform, continuously optimizing treatment

processes and drug combinations holds the promise of significantly

enhancing overall response rates to immunotherapy while reducing

the risks of ineffective treatments and unnecessary adverse reactions.

Within the framework of precision medicine, the systematic

integration of multi-level molecular information—including genomic,

transcriptomic, and proteomic data—is crucial for advancing

personalized immunotherapy. Tumor organoids, which preserve the

heterogeneity and microenvironmental features of the original tumors,

serve as an ideal platform for such multi-omics integration. Current

strategies primarily adopt a “hierarchical complementarity, function-

oriented” analytical framework, fusing data from different sources and

dimensions to collectively optimize immunotherapy decision-making.

The specific integration approaches operate at the following levels.

Integrated analysis of genomic and transcriptomic data begins with

identifying tumor mutational burden (TMB), microsatellite instability

(MSI) status, and specific gene mutations (e.g., in POLE/POLD1) from

whole-genome or exome sequencing data of organoids. These genomic

findings are then correlated with transcriptomic sequencing (RNA-seq)

data to analyze the expression of mutation-derived neoantigens and

evaluate T-cell inflammation gene expression signatures. This

combined analysis provides a comprehensive assessment of the

tumor’s immunogenic potential (117). Functional validation and
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complementarity between transcriptomic and proteomic data involves

leveraging transcriptomic data to reveal immune cell infiltration

patterns and mRNA expression levels of immune checkpoint

molecules (e.g., PD-L1, CTLA-4), while recognizing that proteins are

the ultimate functional executors. It is therefore essential to validate the

actual expression and spatial localization of key immune molecules at

the protein level using techniques such as flow cytometry, CyTOF

(mass cytometry), or immunohistochemistry. This cross-omics

validation helps to circumvent discrepancies caused by post-

transcriptional regulation, thereby enhancing the reliability of

biomarker identification (118).Multi-omics data integration and

modeling begins with quality control and standardization of multi-

dimensional data, after which various computational methods can be

employed for integration. Multi-Omics Factor Analysis (MOFA), for

example, can be used to extract common sources of variation across

omics layers, thereby identifying core molecular modules that drive

immune phenotypes. Alternatively, machine learning algorithms such

as random forest or support vector machines can be utilized to

construct predictive models with drug response or immune

phenotypes as outputs. Input features may include gene mutation

profiles, pathway activity scores, immune cell composition, and key

protein expression levels, enabling precise mapping from multi-

dimensional data to treatment response (117).

In practical implementation, systematic multi-omics profiling is

first performed on tumor organoids. The integrated strategies

described above are then applied to classify patient-derived

organoids into distinct immune functional subtypes, such as “hot

tumors,” “immune-excluded,” and “immune-desert” phenotypes.

Based on this refined subtyping, combined with an AI-driven drug

screening platform, researchers can identify patient populations

most likely to respond to immune checkpoint inhibitors, adoptive

cell therapy, or other combination regimens. This approach also

provides clues for overcoming drug resistance through rational

combination strategies. Furthermore, the construction of an

integrated “organoid–multi-omics data–clinical decision” platform

serves as a critical vehicle for translating integrated data into clinical

practice. This platform links multi-omics analysis results with

clinical knowledge bases and drug databases. Through intelligent

recommendation algorithms, it provides clinicians with decision

support—including immunotherapy selection, combination

therapy suggestions, and efficacy prediction—forming a closed-

loop management system from molecular profiling to treatment

implementation (118, 119).

5 Progress in application: multi-
cancer cases and new drug
development

5.1 Case studies and translational progress
in major cancer types

In colorectal cancer (CRC) research, patient-derived organoids

(PDOs) have emerged as a vital model that can replicate the

heterogeneity of primary tumors (120–122). The choice of
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sampling strategy is crucial, as both primary and metastatic sites

can serve as sources. Researchers often compare and analyze

differences in gene expression and drug sensitivity between these

two sources to gain a more comprehensive understanding of tumor

biology (122, 123). The optimization of culture media is a key step

in PDOs construction. The regulation of the Wnt signaling pathway

plays a central role in maintaining colorectal stem cell

characteristics and long-term growth of organoids. Hence, growth

factors such as Wnt3a and R-spondin1 are commonly added to the

culture medium to activate the Wnt signaling pathway, promoting

organoid formation and expansion. Moreover, studies have

indicated that CRC PDOs hold potential for predicting responses

to immunotherapy. By assessing the response of PDOs to PD-1/PD-

L1 inhibitors, researchers can predict patient sensitivity to immune

checkpoint inhibitors, thereby guiding clinical treatment

decisions (122).

Breast cancer is a highly heterogeneous disease, classified into

different subtypes based on hormone receptor (ER, PR) and HER2

expression, including hormone receptor-positive, HER2-positive,

and triple-negative breast cancer (TNBC) (124). Organoid models

play a significant role in drug screening and mechanistic studies for

the various subtypes of breast cancer. Hormone receptor-positive

breast cancer organoids can be used to study mechanisms of

resistance to endocrine therapies and to screen for new targeted

drugs. HER2-positive breast cancer organoids are utilized to

evaluate the efficacy of anti-HER2 targeted therapies. In contrast,

TNBC organoids, which lack clear therapeutic targets, are often

employed in immunotherapy and new drug development (125,

126). For instance, researchers can use TNBC organoids to screen

for PARP inhibitors or assess the anti-tumor activity of CAR-T cell

therapies (127–129). In metastatic breast cancer, studies have

shown that tumor cells cultured from malignant pleural effusion

(MPE) can be used to construct organoids. Co-culturing these

patient-derived organoids with AdCAR-T cells or conducting

drug sensitivity testing with biotinylated monoclonal antibodies

targeting CD276, HER2, EGFR, TROP2, or EpCAM has revealed

that AdCAR-T cells exhibit specific organoid-killing effects based

on individual antigen expression patterns (129).

Non-small cell lung cancer (NSCLC) is the most common type

of lung cancer, characterized by a complex spectrum of driver gene

mutations, including EGFR mutations and ALK fusions (130).

Researchers have constructed corresponding organoid models

based on different driver gene backgrounds and applied them to

assess sensitivity to immune checkpoint inhibitors (131, 132). For

NSCLC organoids with EGFR mutations, researchers evaluate their

response to EGFR-TKI drugs and explore mechanisms of

resistance. In the case of ALK fusion NSCLC organoids,

sensitivity to ALK inhibitors is assessed. Additionally, PD-L1

expression levels are crucial indicators for predicting the efficacy

of immunotherapy in NSCLC. Studies have shown that NSCLC

organoids with high PD-L1 expression exhibit greater sensitivity to

immune checkpoint inhibitors, such as anti-PD-1 monoclonal

antibodies (131, 133).

Gastric cancer is one of the most common malignant tumors

globally, with its development linked to various factors, including
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Helicobacter pylori infection and dietary habits (134–136). The

construction of gastric cancer organoids provides a novel platform

for studying the mechanisms of gastric cancer development, drug

screening, and personalized treatment (137, 138). Research

indicates that gastric cancer organoids can simulate the onset and

progression of gastric cancer and are utilized for screening and

developing anti-tumor drugs, as well as for personalized and

targeted therapies (139). Suspension culture methods have

successfully constructed gastric cancer organoids that closely

resemble original tissues, serving as effective models for

personalized drug screening (140).

In addition to the aforementioned cancers, organoid technology

has been applied in studies of pancreatic cancer, liver cancer,

melanoma, ovarian cancer, and more (140–148). There are

differences in culture conditions across different cancer types,

such as the choice of matrix and the requirements for growth

factors. For example, constructing pancreatic cancer organoids

typically requires the addition of growth factors like epidermal

growth factor (EGF) and fibroblast growth factor (FGF) to promote

organoid growth and differentiation. Liver cancer organoids are

more sensitive to hypoxic environments and need to be cultured

under low-oxygen conditions. Patient-derived melanoma organoid

(MPDO) models offer promising avenues for understanding tumor

complexity, validating treatment strategies, and potentially

advancing personalized therapy. The application of tumor

organoid models in immunotherapy is detailed in Table 2.

There are significant differences in the sensitivity of various

cancers to immunotherapy, influenced by factors such as genomic

characteristics, TME, and the state of the immune system (128, 129,

149, 150). For instance, colorectal cancer can be categorized into

microsatellite instability-high (MSI-H) and microsatellite stable

(MSS) subtypes. MSI-H colorectal cancer, with a higher tumor

mutation burden (TMB) and greater immunogenicity, shows a

higher response rate to immune checkpoint inhibitors (122). In

breast cancer, tumors can be classified as “cold” or “hot” based on

the degree of immune cell infiltration. Hot tumors, which have

more tumor-infiltrating lymphocytes (TILs) and higher PD-L1

expression levels, are more sensitive to immunotherapy (125,

126). In NSCLC, patients with high PD-L1 expression have
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higher response rates to immune checkpoint inhibitors; however,

some patients with low PD-L1 expression also benefit from

immunotherapy (131). The TME is a critical factor affecting the

immunotherapy sens i t iv i ty of organoids (149 , 150) .

Immunosuppressive cell populations in the TME, such as

myeloid-derived suppressor cells (MDSCs), tumor-associated

macrophages (TAMs), and regulatory T cells (Tregs), can inhibit

immune cell activity, thereby reducing tumor sensitivity to

immunotherapy (151). Components of the ECM also influence

immune cell infiltration and function. To more accurately assess

differences in immunotherapy sensitivity across various cancers,

researchers often combine preclinical data (e.g., IFN-g secretion

levels, T cell infiltration) for analysis (149). By measuring IFN-g
secretion levels from T cells in co-culture systems, researchers can

gauge T cell activation and anti-tumor activity. Additionally, using

immunohistochemistry or flow cytometry to assess T cell

infiltration in organoids can evaluate the tumor’s ability to attract

immune cells. Multicenter studies and meta-analyses also provide

essential data support for assessing differences in immunotherapy

sensitivity across various cancer types (152, 153).
5.2 Organoid platforms: high-throughput
drug screening and new drug development
practices

Organoid technology has emerged as a powerful in vitromodel,

demonstrating immense potential in drug development. Compared

to traditional two-dimensional cell lines and PDX models,

organoids offer higher throughput, real-time monitoring, and

reproducibility, making them ideal platforms for large-scale drug

screening (154, 155).

Organoids can be cultured in microplates, allowing for

automated processes that facilitate high-throughput screening.

Techniques such as live-cell imaging and metabolic analysis

enable real-time monitoring of drug effects on organoids,

providing dynamic data on drug responses. Furthermore,

organoids exhibit good batch-to-batch stability, ensuring the

reproducibility of experimental results. The application prospects
TABLE 2 Application cases and clinical relevance of tumor organoid models in immunotherapy drug screening.

Cancer
type

Immunotherapy
drug/approach

Organoid model
construction method

Key detection
metrics

Clinical relevance References

Colorectal
Cancer (MSI-

H)

PD-1 inhibitor (e.g.,
Nivolumab)

Primary tumor organoids +
autologous TIL co-culture

T-cell infiltration rate, IFN-g
secretion, tumor cell apoptosis

rate

Predictive of patient pCR
(pathological complete

response)
(120–123)

Triple-
Negative

Breast Cancer

CAR-T cells (targeting
CD276/HER2)

Pleural effusion-derived organoids +
PBMC co-culture

Organoid lysis rate, Granzyme
B expression

Improved response rate in
personalized antigen-matched

therapy
(125–129)

Non-Small
Cell Lung
Cancer

PD-L1 inhibitor (e.g.,
Atezolizumab)

Air-liquid interface (ALI) culture
preserving native immune

microenvironment

PD-L1 expression level, T-cell
activation markers (CD69)

PD-L1-high organoids
correlate with patient response

rates
(131–133)

Gastric
Cancer

Bispecific antibodies
(BiTEs)

Surgical sample-derived organoids +
exogenous T-cell reconstitution

Immune synapse formation,
tumor cell survival rate

Successful screening of
alternative regimens for

resistant patients
(137–140)
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of organoids in high-throughput drug screening are extensive (154–

158). Researchers can employ organoids to screen combination

therapies to identify drug pairs with synergistic effects. Organoids

can also be used to evaluate immunomodulators, such as immune

checkpoint inhibitors and CAR-T cells. Additionally, they serve as

valuable tools for predicting drug toxicity and synergistic effects,

providing a basis for clinical trial design. For example, in the

screening of bispecific antibodies, organoids can assess the ability

to target tumor cells and activate immune cells. In oncolytic virus

screening, organoids can evaluate the efficacy against tumor cells

and safety for normal cells. Similarly, during tumor vaccine

screening, organoids can be used to assess the capability of

inducing immune responses.

To maximize the utility of organoid technology, several

organoid biobanks have been established internationally, such as

HUB Organoids and PDO-X (155, 159). These biobanks collect

tumor samples from diverse patients and have developed

standardized organoid culture protocols and quality control

metrics. The establishment of these biobanks provides researchers

with rich resources, facilitating the application of organoid

technology in drug development and precision medicine. The

standards for establishing organoid biobanks primarily include

several key aspects: Diversity of Sample Sources: This includes

samples from primary tumors, metastatic sites, and other relevant

tissues. Integration of Clinical Data: Comprehensive datasets should

encompass genomic, transcriptomic, and proteomic information.

Establishment of Sharing Mechanisms: This promotes collaboration

and data exchange among researchers. Through multi-omics

analysis of organoids, researchers can gain deeper insights into

the molecular characteristics of tumors, providing a basis for

individualized treatment. Additionally, organoid biobanks should

implement robust quality control systems, including morphological

assessments, genomic stability testing, and functional assays, to

ensure the quality and reliability of the organoids. Multi-center

studies play a crucial role in driving the standardization of organoid

technology and its clinical applications (160, 161). The European

Organoid Consortium (UROCA) has improved data comparability

by establishing standardized cultivation processes and quality

control indicators, promoting the formulation of personalized

treatment plans. Multi-center research can also expand sample

sizes, enhancing the statistical power of studies and allowing for

more accurate assessments of the value of organoids in drug

development and precision medicine.
5.3 Clinical translation and cutting-edge
applications

5.3.1 Application of preclinical trial data in
prognosis assessment and individualized
treatment adjustments

Organoids serve as a powerful in vitro model with significant

potential for clinical translation (66, 106, 140, 162–166). They can

assist in clinical decision-making; for instance, organoid drug

sensitivity testing can help identify alternative treatment options
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immunotherapy, organoids can be used to predict efficacy, such as

the pathological complete response rate (pCR).

Regarding the correlation between organoids and patient

clinical outcomes, multiple studies have further validated their

predictive value. For instance, Vlachogiannis et al. established a

living biobank using organoids derived from patients with

metastatic gastrointestinal cancer and demonstrated that in vitro

drug sensitivity in organoids accurately predicted clinical responses,

achieving a positive predictive value of 88% and a negative

predictive value of 100% (66). In the context of neoadjuvant

chemoradiotherapy for rectal cancer, Yao et al. conducted drug

sensitivity tests on organoids derived from 80 patients with locally

advanced rectal cancer. The results showed a high concordance

between organoid responses to chemotherapy or radiotherapy and

actual patient outcomes, with a predictive accuracy of 84.43% (162).

Furthermore, Wang et al. evaluated the efficacy of pyrotinib in

HER2-mutant advanced lung adenocarcinoma using both lung

cancer organoids and patient-derived xenograft (PDX) models.

The results aligned with subsequent Phase II clinical trial data,

confirming the reliability of organoids in predicting targeted

therapy response (163).Other significant studies include the work

by Ooft et al., who performed irinotecan sensitivity testing on

organoids derived from patients with metastatic colorectal cancer.

They found a significant correlation between organoid response and

clinical efficacy, providing the first prospective evidence that

organoids can predict chemotherapy response in metastatic

colorectal cancer (164). The Driehuis group constructed a

biobank of pancreatic ductal adenocarcinoma organoids and

conducted high-throughput drug screening, revealing that EZH2

inhibitors were effective against specific subtypes, with organoid

drug sensitivity closely matching the genetic profiles of patient

tumors (165). Additionally, Sachs et al. established a biobank

comprising over 100 breast cancer organoids. When modeling

HER2-targeted therapy, they observed that variations in organoid

sensitivity to afatinib aligned with the molecular subtypes of the

patients’ primary tumors, successfully recapitulating clinically

observed targeted drug resistance phenomena (166).

Collectively, these studies—spanning gastrointestinal cancers,

pancreatic cancer, breast cancer, and other tumor types—

consistently demonstrate the reliability of organoids in predicting

responses to chemotherapy, targeted therapy, and radiotherapy.

Organoid drug sensitivity testing shows a meaningful correlation

with patient progression-free survival (PFS) and overall survival

(OS). As such, organoids can serve as “avatars” or surrogate models

to predict individual patient treatment responses and guide clinical

decision-making. For example, if an organoid shows sensitivity to a

particular drug, the patient is also likely to benefit; conversely, if the

organoid exhibits resistance, administration of that drug to the

patient should be reconsidered.

5.3.2 Prospects of combining emerging
technologies with organoid platforms

The integration of organoid technology with emerging

technologies such as nanomedicine, microfluidics, and 3D
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bioprinting presents new opportunities in tumor research and

treatment (84, 132, 149, 150, 167–174).

Nanomedicines offer advantages such as superior targeting

capability and high drug-loading capacity, which can enhance

therapeutic efficacy and reduce systemic toxicity (151). Organoids

can be utilized to evaluate the targeted delivery efficiency of

nanocarriers (e.g., liposomes, exosomes). By observing the

distribution of nanocarriers within organoids and monitoring

drug release kinetics, their targeting specificity and effectiveness

can be assessed. Furthermore, organoids serve as a robust model for

evaluating the ability of nanodrugs to penetrate vascular barriers,

thereby providing critical insights for the design and optimization

of nanomedicine-based therapies. Recent studies have further

demonstrated the potential of this integrated strategy in

immunotherapy. For instance, Ni et al. (167) developed a

nanoplatform composed of Hf-based metal-organic frameworks

(nMOFs) loaded with an immune adjuvant and aCD47 antibody.

Their organoid model revealed that these nanoparticles effectively

promoted dendritic cell maturation and antigen presentation,

thereby triggering a systemic anti-tumor immune response. In

another study, Chen et al. (168) designed folic acid-modified

manganese–protoporphyrin liposomes (FA-MnPs). A co-culture

model using organoids confirmed that, upon ultrasound

stimulation, these particles effectively remodeled the tumor

immune microenvironment by promoting the polarization of

tumor-associated macrophages toward the pro-inflammatory M1

phenotype and enhancing the infiltration of cytotoxic T cells.

Additionally, Du et al. (169) reported a lipid-based nanoparticle

incorporating GEM and LMWH (low molecular weight heparin).

Organoid-based experiments demonstrated that this formulation

effectively normalized tumor vasculature and alleviated the hypoxic

microenvironment, thereby enhancing the efficacy of

subsequent immunotherapy.

Microfluidic technology enables the simulation of dynamic

changes in the tumor microenvironment—such as T-cell migration

and cytokine gradients—on microchips (106, 132). Organ-on-a-Chip

systems, which integrate microfluidics with organoid technology,

provide an in vitro model capable of more faithfully recapitulating

the dynamic tumor-immune interface. By co-culturing organoids and

immune cells within these chips, researchers can investigate immune

cell infiltration into tumor tissue, tumor cell killing mechanisms, and

immune evasion strategies employed by malignant cells. Recent studies

have further extended the application of this technology in precision

cancer immunotherapy. For example, Park et al. (170) developed an

Organoids-on-a-Chip platform that allows precise control offluid shear

stress, nutrient concentrations, and oxygen gradients, thereby

providing a stable culture environment for lung cancer organoids

(LCOs). This system more accurately mimics the physicochemical

properties of the in vivo tumor microenvironment, offering a superior

platform for studying immune cell migration and drug penetration. In

addition, Poletti et al. (171) designed an innovative microfluidic device

that supports the co-culture of LCOs with complex host microbial

communities. This model not only simulates host-microbiome

interactions but also elucidates how the microbiome modulates the

local immune microenvironment to influence responses to cancer
Frontiers in Immunology 14
therapy, providing new insights for the development of microbiome-

based immunotherapeutic strategies.

3D bioprinting enables the construction of tissues and organs

with complex architectures through a layer-by-layer deposition

process (84). Integrating 3D bioprinting with organoid technology

facilitates the generation of vascularized organoids or immune cell

co-culture constructs, thereby addressing the critical limitation of

existing models—the lack of a functional vasculature. Vascularized

organoids better recapitulate the nutrient supply and metabolic

milieu of tumors, offering a more physiologically relevant in vitro

model for drug discovery. Similarly, immune cell co-culture systems

can mimic the cellular composition and spatial organization of

immune populations within the tumor microenvironment,

providing a powerful tool for immunotherapy research. Recent

advances have substantially expanded the application of this

integrated approach in building immunocompetent models. For

instance, Heinrich et al. (172) employed extrusion-based

bioprinting with a GelMA–gelatin bioink to fabricate a “mini-

brain” model containing GL261 glioblastoma cells and RAW264.7

macrophages. This system successfully modeled paracrine and

juxtacrine signaling between tumor cells and macrophages,

driving macrophage migration toward tumor regions and

inducing polarization. Compared with 2D cultures, key

phenotypic changes were observed, including upregulation of

Spp1 and loss of E-cadherin. In another study, Kim et al. (173)

developed an innovative “bladder assembloid”model by bioprinting

patient-derived tumor cells together with the four major stromal

components of the bladder tumor microenvironment—cancer-

associated fibroblasts (CAFs), endothelial cells, immune cells, and

smooth muscle cells—thus reconstituting the intrinsic architecture

of bladder cancer. This platform offers an exceptional tool for

investigating interactions between tumor cells and diverse stromal

cells, including immune populations, under in vitro conditions.

Furthermore, Grunewald et al. (174) used projection-based

bioprinting with GelMA to generate a neuroblastoma model.

They observed that L1CAM-specific CAR-T cells infiltrated the

3D tumor model from the top to the bottom, displaying strong

activation marked by increased interferon-gamma (IFNG) release

and potent tumor-killing capacity.
6 Summary and outlook

Organoid technology acts as a crucial bridge between basic

research and clinical translation, successfully simulating the native

structure and microenvironment of tumors through three-

dimensional culture systems. This approach demonstrates unique

advantages in precision immunotherapy. Unlike traditional models,

organoids retain tumor heterogeneity and intercellular interactions

while integrating immune co-culture systems (such as T cells and

macrophages). This high-fidelity reproduction of tumor-immune

dynamics provides a reliable platform for studying mechanisms and

evaluating the efficacy of therapies like immune checkpoint

inhibitors and bispecific antibodies. Moreover, patient-derived

organoid-based personalized drug sensitivity testing can
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accurately predict treatment responses, guiding the optimization of

clinical strategies and significantly enhancing the precision and

effectiveness of immunotherapy. These groundbreaking

advancements lay a solid foundation for tumor biology research,

the development of novel immunotherapies, and the practice of

personalized medicine.

Looking ahead, tumor organoid technology is transitioning

from a phase of technical validation to a critical stage of deep

clinical integration and industrial application. Its developmental

trajectory will no longer be confined to simple model construction

but will increasingly focus on addressing clinical challenges. First,

the core objective of next-generation organoid models will shift

from “structural simulation” to “functional completeness.” While

current models have made breakthroughs in reconstructing the

immune microenvironment, several limitations continue to

constrain their predictive accuracy. These include the long-term

functional maintenance of T cells within three-dimensional

matrices, precise control and stabilization of macrophage

phenotypes, and the effective integration of vascular and

lymphatic networks. Future breakthroughs will rely on more

sophisticated bioengineering strategies. For instance, 3D

bioprinting technologies could be employed to spatially arrange

patient-derived endothelial cells, fibroblasts, and tumor cells to

create perfusable “organoid-on-a-chip” systems. Alternatively,

synthetic biology approaches could introduce reporter gene

systems into organoids, enabling real-time, non-invasive

monitoring of critical events such as T-cell activation and tumor

cell killing. These endeavors aim to create a “patient avatar” that is

not only morphologically similar but also functionally analogous to

the original tumor. Such an advanced model would provide more

predictive power for evaluating CAR-T therapies, immune

checkpoint inhibitor combination regimens, and other emerging

immunotherapeutic strategies. Secondly, deep data integration and

intelligent interpretation will form the “intelligent core” of

personalized prediction. Isolated drug sensitivity results from

organoid assays alone represent merely discrete data points. The

central challenge and opportunity within the future closed-loop

“patient-organoid-multiomics-clinical decision” system lies in the

multi-modal integration of organoid drug response data with real-

time dynamic liquid biopsies (e.g., ctDNA), tumor neoantigen

profiles, and immune cell states revealed by single-cell

sequencing. This necessitates the development of a new

generation of bioinformatics algorithms capable of extracting

clinically actionable biomarkers from vast, heterogeneous datasets.

For instance, machine learning models could be deployed to

decipher why certain “cold tumors” that are unresponsive to PD-

1 inhibitors in organoid models can be converted into “hot tumors”

when combined with specific epigenetic modulators. Biomarkers

derived from such organoid-based platforms will significantly

optimize clinical trial enrollment criteria and refine treatment

pathways. Finally, the clinical translation of this technology

urgently needs to bridge the “valley of death” between validation

and commercialization, which encompasses both ethical and

commercial hurdles. Ethically, it is imperative to move beyond
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consent frameworks adaptable to complex scenarios involving

long-term organoid research, biobanking, and their use as disease

models in drug development. Concurrently, the rich genomic

information inherent in organoids demands stricter privacy

protection and anonymization standards than conventional

medical data, requiring clear delineation of data ownership and

usage rights to prevent misuse in commercial applications. On the

commercial front, the key challenge involves defining a clear

regulatory approval pathway for organoids as companion

diagnostics or in vitro clinical decision-support tools. This will

require collaborative engagement with regulatory agencies to

explore novel validation pathways potentially leveraging real-

world data. Furthermore, rigorous health economics studies are

essential to demonstrate cost-effectiveness—proving that the

medical costs saved by avoiding ineffective treatments via

organoid testing outweigh the assay costs—thus persuading

healthcare payers. Additionally, clarifying intellectual property

ownership (rights allocation among patients, hospitals, and

technology developers) and innovating academia-industry

collaboration models are foundational for sustainable translation.

Only by constructing such a responsible innovation ecosystem can

organoid technology truly transition from the laboratory to the

bedside, fulfilling its promise to empower precision medicine and

benefit patients.
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