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Abstract

Tumor heterogeneity and microenvironmental complexity remain fundamental barriers to genomics-
centered precision oncology, frequently causing discordance between molecular alterations and real-
world therapeutic responses. Here, we reviewed patient-derived organoid (PDO) technologies as
functional platforms that complement molecular profiling by directly investigating patient-specific
sensitivity, resistance, and microenvironment dependent vulnerability. We first summarize why
conventional preclinical systems, two-dimensional cell lines and patient-derived xenografts, are
limited by reduced biological fidelity, impractical turnaround time, and scalability for clinical
decision support. We then synthesized organoid-based evidence across three representative disease
malignancies with distinct precision-medicine bottlenecks. Across these settings, we highlight
advances that extend the PDO capability beyond the tumor epithelium alone, including air-liquid
interface cultures, immune and stromal co-cultures, and microfluidic organoid-on-chip systems, as
well as integration with multi-omics and artificial intelligence for scalable analytics. Finally, we
discuss the key translational requirements, standardization of culture matrices and assay readouts,
quality control, automation to reduce turnaround time, and regulatory/ethical frameworks, required
to transition organoid-guided testing from proof-of-concept to routine implementation. Collectively,
this review reframes organoids as functional stratification platforms supporting a conceptual shift
from genotype-guided to response-driven precision oncology.

Keywords: patient-derived organoids; head and neck cancer; lung cancer; hematological
malignancies; microfluidic chip

1. Introduction

Tumors are inherently heterogeneous biological entities critically challenging the establishment
of personalized treatment strategies in cancer therapy [1,2]. Precision oncology aims to design
optimal therapeutic strategies based on the molecular and phenotypic characteristics of individual
tumors [3,4]. Although advances in genomic profiling have enabled the identification of tumor
specific molecular markers and facilitated the clinical implementation of various targeted therapies,
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their ability to accurately predict patient-specific treatment responses remains limited [5,6]. This
limitation arises because of the biological complexity of tumors, which is shaped by intratumoral
heterogeneity, clonal evolution, and interactions with the tumor microenvironment (TME), which
cannot be sufficiently captured solely by genomic alteration data [5,7,8]. Consequently, patients at
identical disease stages or with similar genetic alterations often exhibit markedly different responses
to therapies. Such variability in treatment outcomes is driven by a combination of factors, including
intratumoral heterogeneity, differences in the TME, discordance between genomic alterations and
functional drug responses, emergence of adaptive drug resistance, and inter-individual variability in
immune responses [1,7-9]. Together, these factors represent a major unresolved limitation in the
predictive capacity of current precision medicine approaches [4,5].

Owing to the fundamental heterogeneity of cancer, conventional two-dimensional (2D) cancer
cell line-based models, which have been widely used in preclinical research, exhibit substantial
limitations in recapitulating the complex biological features of patient-specific tumors, particularly
intratumoral heterogeneity and tumor-TME interactions [2,8,10]. In 2D culture systems, the spatial
architecture of tumor cells, as well as cell-cell and cell-matrix interactions, is highly simplified, which
may result in discrepancies between the experimentally observed drug responses and those observed
in clinical settings [10,11]. Patient-derived xenograft (PDX) models, in contrast, preserve the
histological and genetic characteristics of the parental tumors relatively well; however, their
application is fundamentally constrained by longer establishment times, higher costs, limited
scalability, and the requirement for immunodeficient host animals, which restricts their utility in
immunotherapy research [1,12]. Owing to these limitations, the development of novel experimental
platforms capable of rapidly and accurately reflecting patient-specific tumor biology and functional
drug responses has emerged as a critical prerequisite for the clinical implementation of precision
oncology [4,13].

The demand for experimental systems that precisely represent individual tumor characteristics
has driven advancements in patient-derived organoid (PDO)-based research. Because PDOs are
established directly from patient tumor tissues, they preserve not only the histological architecture
and genetic features of the parental tumors, but also a substantial degree of intratumoral phenotypic
heterogeneity [2,13,14]. Notably, organoid models significantly reduce the long establishment times
associated with PDX models and enable the direct ex vivo evaluation of therapeutic responses to
specific anti-cancer agents. In this regard, PDOs have considerable potential as functional drug
response prediction platforms that complement genomics-centered precision oncology approaches
[4,14].

Furthermore, recent efforts have focused on integrating tumor derived organoids with
microfluidic chip technologies to reconstruct in vivo tumor conditions more faithfully. By co-
culturing tumor cells with key components of the TME, including stromal elements and vascular
structures, these advanced platforms aim to recapitulate the physiological tumor complexity with
greater fidelity [15-17]. Through such technological advancements, organoid-based platforms are
increasingly recognized not merely as experimental disease models, but as functional tools that
support patient-specific treatment stratification and clinical decision-making in precision oncology
[4,14].

In this review, we selected head and neck cancer (HNC), lung cancers, and hematological
malignancies as representative disease groups to illustrate the diverse challenges faced by precision
medicine. Although these malignancies differ substantially in terms of their tissue origin, genetic
architecture, and clinical treatment strategies, there is a common unmet need for functional platforms
capable of predicting patient-specific therapeutic responses. HNCs exemplify treatment resistance
driven by pronounced intratumoral heterogeneity and variability in response to radiotherapy [18,19].
Lung cancer is a paradigm case of genotype-driven targeted therapy complicated by the rapid
emergence of drug resistance [20]. In contrast, hematological malignancies underscore the critical role
of a specialized TME and immune interactions in determining therapeutic outcomes (Figure 1). By
integrating organoid-based studies across these distinct disease contexts, this article aims to elucidate
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how organoid-based approaches are reshaping the paradigm of precision oncology, while
highlighting the technical and translational challenges that must be addressed to facilitate broader
clinical adoption [21].
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Figure 1. Workflow of organoid-based precision oncology.

2. Organoid Technologies in Cancer Research

Organoid technology has gained increasing recognition as a model well-suited for the
development of patient-specific therapeutic strategies. In recent years, organoid platforms have
moved beyond their original role as experimental disease models and have emerged as decision-
support tools that functionally complement genomics-centered precision oncology for various cancer
types, including lung, gastric, and ovarian cancers [4,22]. From a translational research perspective,
organoids can recapitulate the key biological features of tumors with relatively high fidelity, thereby
offering the potential to predict clinical treatment responses [23]. In particular, PDOs retain major
driver mutations, copy number alterations, and transcriptomic characteristics of the parental tumors,
allowing them to reflect intratumoral phenotypic heterogeneity to a meaningful extent [14]. Organoid
platforms have been increasingly applied in drug response screening and biomarker discovery and
are being explored as clinically relevant tools for optimizing personalized treatment strategies in
precision medicine [22].

In this context, the present review aims to comparatively examine the functional value of
organoid-based approaches across distinct clinical settings by focusing on three representative cancer
types [2,4]. HNCs exhibit marked interpatient variability in treatment response, underscoring the
need for functional response prediction beyond established standard-of-care regimens [18,19]. Lung
cancer provides a paradigmatic context in which discordance between genomic information and
actual therapeutic outcomes can be systematically evaluated [21]. In contrast, hematological
malignancies offer a distinct context in which the applicability and limitations of organoid platforms
can be critically assessed, owing to their specialized microenvironmental and immune dependencies
[19]. By examining these heterogeneous disease contexts, this review aimed to delineate the role of
organoid technologies as functional predictive tools that address shared unmet needs in precision
oncology across diverse cancer types.

3. Organoid Models in Head and Neck Cancers

3.1. Overview of Head and Neck Cancers and Clinical Challenges
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HNC is a malignancy of the oral cavity, pharynx, larynx, and other head and neck regions.
Approximately 90% of these cases are head and neck squamous cell carcinomas (HNSCC) [18].
Although tobacco and alcohol consumption have long been established as major risk factors, human
papillomavirus (HPV) infection has recently emerged as a particularly important etiological factor
for oropharyngeal cancer [18,19,24]. Unlike HPV-negative HNC, which is typically associated with
smoking and alcohol consumption, HPV-positive HNC tends to occur in younger patients and
generally responds better to therapy, making these two subtypes clinically distinguishable [25].

Despite these differences, the overall prognosis for advanced-stage HNC remains poor, with
high rates of recurrence and metastasis, even after aggressive standard treatment. In fact, 50-60% of
patients with locoregionally advanced disease experience recurrence within 5 years of the completion
of concurrent chemoradiotherapy or similar intensive regimens [26,27]. Moreover, multidisciplinary
treatment (MDT) approaches, including surgery, radiotherapy, and chemotherapy, often result in
severe side effects, and some patients are unable to complete the entire course of treatment [28].

Another critical challenge in the management of HNC is the molecular heterogeneity of the
disease [18]. Each patient may exhibit a unique profile of genetic mutations and distinct TME, leading
to widely varying responses to the same therapeutic regimen. However, reliable biomarkers that are
capable of predicting individual treatment responses are lacking. As a result, the current clinical
practice typically relies on a one-size-fits-all treatment strategy, regardless of the specific tumor
characteristics of the individual patient [26,29]. This approach not only reduces therapeutic efficacy
but also increases the risk of unnecessary toxicity. Therefore, there is an urgent need for novel model
systems that faithfully represent patient-specific tumor biology and allow preclinical testing of
therapeutic responses, ultimately paving the way for personalized treatment strategies [30].

Particularly, in HNSCC differences in radiosensitivity, the high rate of post-treatment
recurrence, and the clinical and molecular heterogeneity between HPV-positive and HPV-negative
subtypes collectively hinder the implementation of personalized therapeutic strategies [31,32].
Whereas HPV-positive tumors are highly immunogenic due to viral antigen expression and generally
exhibit greater radiosensitivity and improved survival, HPV-negative tumors are characterized by a
higher mutational burden, increased radioresistance, and a greater risk of recurrence [32]. This
heterogeneity underscores the need for precision-medicine platforms capable of prospectively
evaluating patient-specific radiosensitivity and treatment responsiveness. Recent studies have
demonstrated that PDOs enable direct in vitro assessment of individual tumor responses to radiation
and chemotherapeutic agents, while preserving HPV subtype—-specific molecular features and
therapeutic vulnerabilities [26,33,34]. Therefore, PDOs represent a promising platform for addressing
precision-medicine needs in HNSCC, including the prediction of radioresistance, assessment of
recurrence risk, and the development of HPV subtype-tailored therapeutic strategies.

3.2. Establishment of HNC Organoids

3.2.1. Methods for Obtaining Patient Samples and Success Rates

The establishment of HNC organoids typically begins with the immediate processing of tumor
tissue obtained from surgical resection or biopsy [33]. Fresh tumor specimens are mechanically
dissociated or enzymatically digested into single cells or small cell clusters, which are then embedded
in an extracellular matrix (ECM) commonly based on Matrigel. Culturing is performed using
customized media supplemented with specific growth factors such as EGF, R-spondin, and Noggin
to promote tumor cell proliferation [26,30].

The reported success rate for establishing organoid cultures from patient-derived HNC samples
ranges from approximately 35% to 77%, depending on factors such as tumor cell content, prior
radiation treatment, and the time elapsed between tissue collection and processing [26]. Organoid
establishment tends to be less successful in older patients or when pretreated tissue samples are used.
For example, Fisch et al. reported a 77% success rate when using high-quality tissue samples
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containing >30% tumor cells. In contrast, delayed tissue processing and low tumor cell content have
been identified as major causes of culture failure [34].

3.2.2. Modeling Differences Between HPV-Positive and HPV-Negative Tumors

HNSCC exhibits markedly different molecular characteristics and clinical behaviors depending
on the status of the HPV. HPV-positive tumors predominantly arise in the oropharynx (e.g., tonsils
and base of the tongue), are more common in younger patients, and generally have a more favorable
prognosis. This is largely attributed to their higher sensitivity to radiation and chemoradiation
therapies than HPV-negative tumors [32]. HPV-positive tumors are characterized by the degradation
of p53 protein and inactivation of Rb protein via the viral oncoproteins E6 and E7. Notably, these
cells usually retained wild-type TP53 and overexpressed p16 [35,36].

In contrast, HPV-negative tumors are typically associated with risk factors such as tobacco and
alcohol use and tend to harbor TP53 mutations, EGFR pathway activation, and a higher overall
mutational burden [31]. Although HPV-positive tumors exhibit a lower total mutational burden, they
are often more immunogenic owing to the presence of viral antigens and are associated with higher
levels of immune cell infiltration. HPV-negative tumors, in contrast, demonstrate greater genetic
heterogeneity due to mutation accumulation [26,31]. Indeed, large-scale immunogenomic analyses
have revealed that HPV-positive HNSCCs possess significantly higher levels of tumor infiltrating
lymphocytes (TILs) and immune-related gene expression than HPV-negative tumors, although both
subtypes exhibit immune microenvironments potentially responsive to immune checkpoint blockade
[31,36,37].

PDO models are actively utilized to recapitulate and investigate the differential treatment
responses and biological characteristics of HPV-positive and HPV-negative HNSCC in vitro. Recent
studies have established biobanks for HNSCC organoids, including HPV16-positive and TP53 wild-
type tumors. These organoids preserve the histological and molecular features of their parental
tumors and effectively represent HPV-specific subtypes. For example, organoids derived from HPV-
positive tumors exhibited pl6 overexpression and TP53 wild-type status, and transcriptomic
profiling confirmed the retention of HPV-associated gene expression signatures that distinctly
separated HPV-positive and HPV-negative subgroups [26,33,38]. Functionally, HPV-positive
organoids demonstrate increased radiosensitivity. Notably, the ectopic expression of HPV E6/E7 in
normal cells or HPV-negative tumor organoids induces cell cycle arrest and enhances radiation
sensitivity, suggesting that HPV oncogene-mediated cell cycle vulnerability may underlie the
heightened therapeutic responsiveness of HPV-positive tumors [38,39].

Furthermore, a study investigating disease progression and prognostic factors in HPV-related
HNSCC using patient-derived models found that organoid and PDX growth rates in HPV-positive
patients were positively correlated with the tumor mutational burden. This implies that, within the
HPV-positive subgroup, higher genetic heterogeneity may be associated with more aggressive tumor
biology [10,40]. Conversely, in HPV-negative HNSCC, a recent study employed 3D collagen-based
cultures of PDOs to analyze the invasive behavior and prognostic factors. Single-cell transcriptomic
profiling has revealed that tumor cells with activated YAP signaling exhibit enhanced collective
invasion, and this invasive gene signature is associated with poor patient survival [41]. These findings
highlight the utility of organoid models in faithfully reproducing the molecular and phenotypic
distinctions between HPV-positive and -negative HNSCC, serving as powerful preclinical platforms
for exploring subtype-specific therapeutic responses and prognostic indicators.

3.3. Drug Screening and Biomarker Discovery

3.3.1. Target Evaluation

In HNSCC, the epidermal growth factor receptor (EGFR) and PI3K/AKT/mTOR signaling
pathways represent major molecular targets. EGFR is overexpressed or activated in approximately
80% to 90% of patients with HNSCC and is known to contribute to tumor cell proliferation and
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survival. Cetuximab, a monoclonal antibody targeting EGFR, was the first agent to be approved for
the treatment of HNSCC [26]. However, its efficacy varies among the patient subgroups. In particular,
the additional benefits of cetuximab in patients with HPV-positive oropharyngeal cancer appear to
be limited [42]. From a molecular epidemiological perspective, PIK3CA mutations are found in over
30% of HPV-positive HNSCC cases, which is significantly higher than in HPV-negative cases. This
suggests that the PI3K/AKT/mTOR pathway may serve as a key therapeutic target for HPV-positive
tumors [10].

In contrast, EGFR gene amplification or pathway activation is more frequently observed in HPV-
negative tumors, with more than half of all HPV-negative HNSCC cases showing activation of either
the EGFR or PI3K pathway [24,31,43]. These findings underscore the importance of selecting targeted
therapies based on the patient’s molecular profile, and PDO drug testing is emerging as a valuable
tool for implementing such precision medicine strategies.

Drug sensitivity studies using HNSCC organoids have provided evidence supporting the
prediction of individual tumor responses to targeted therapies. Driehuis et al. established a panel of
organoids derived from both HNSCC tumors and normal tissues and conducted a medium-scale
drug screening study. They demonstrated that the sensitivity of tumor organoids to clinically
relevant anti-cancer and targeted agents closely mirrored the actual treatment responses of the
patient [33]. For instance, organoids that respond to EGFR inhibitors are likely to represent patients
who would benefit from cetuximab, whereas organoids sensitive to PI3K inhibitors often harbor
pathway alterations, providing a rational basis for clinical administration [26,43,44].

Consistent with this, clinical trial results have shown that the efficacy of PI3K inhibitors differs
according to the molecular subtype. In the BERIL-1 trial evaluating buparlisib, improvement in
progression-free survival (PFS) was limited in the overall HNSCC population but was significantly
better in patients with PIK3CA mutations or PTEN loss, indicating alterations in the PI3K pathway
[44]. These findings suggest that evaluating patient-specific drug responsiveness using organoid
assays may help to identify optimal targeted therapies.

A recent study by Millen et al. assessed drug responses across 40 HNSCC organoid models and
analyzed their correlation with clinical treatment outcomes [26]. In some patients, organoid
sensitivity to chemoradiotherapy is closely associated with actual clinical outcomes, such as complete
remission. This study also showed the potential of organoids to identify predictive biomarkers for
patient prognosis [26,38,45]. Interestingly, in experiments treating organoids with radiation alone or
in combination with chemotherapy, the addition of cetuximab reduced radiosensitivity. This
suggests that combining cetuximab with radiotherapy might result in inferior outcomes compared
with radiotherapy alone, mirroring clinical observations in HPV-positive patients, where such
combination therapy was associated with decreased survival [26,42]. These findings highlight how
organoid models can reflect not only treatment efficacy but also potential antagonistic interactions in
combination therapies, thereby informing treatment strategies [26].

Organoid-based studies on PI3K-targeted therapies are ongoing. In several preclinical models,
organoids and PDXs harboring PIK3CA mutations have shown selective sensitivity to PI3Ka
inhibitors such as alpelisib, resulting in suppressed tumor growth [43]. Given the frequent activation
of the PI3K pathway in HPV-negative HNSCC, PI3K inhibition has also been proposed as a potential
radiosensitizing strategy in this subgroup, which often exhibits intrinsic radioresistance [24,31,43].
Collectively, organoid-based drug sensitivity analyses serve as a platform for predicting patient-
specific responses to molecular targeting and identifying rational combination therapies in precision
medicine settings [26,43].

3.3.2. Predicting Immunotherapy Response

The advent of immune checkpoint inhibitors (ICIs) has improved clinical outcomes in patients
with recurrent or metastatic HNSCC. Notably, pembrolizumab, an anti-PD-1 antibody, has been
approved as a first-line treatment for metastatic HNSCC and has demonstrated long-term survival
benefits in a subset of patients. Similarly, nivolumab has shown significant survival advantages in
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patients who have failed prior therapies [45,46]. However, the objective response rate to ICIs remains
limited to approximately 20% of patients, highlighting the urgent need for predictive biomarkers.
Although tumor PD-L1 expression levels and tumor mutational burden are currently used as
potential indicators of treatment response, their predictive accuracy is insufficient [47]. Therefore,
there is a growing demand for models that can directly assess the immune responsiveness of
individual patient tumors [48].

Organoid models naturally lack immune components, which poses a challenge in evaluating
immune responses. Several recent technological advancements have addressed this issue. One
approach involves co-culture systems, in which patient-derived peripheral blood mononuclear cells
(PBMCs) or TILs are cultured together with tumor organoids to recreate tumor-immune interactions
in vitro [49,50].

For example, Neal et al. (2018) established air-liquid interface (ALI) cultures from various
human tumors, including lung cancer, which preserved endogenous immune cells within the
organoid. Upon treatment with anti-PD-1 antibodies, they observed increased CD8+ T-cell infiltration
and enhanced tumor killing activity, successfully recapitulating the immune checkpoint blockade
responses ex vivo [49]. In other words, co-culturing patient-derived mini-tumors with autologous
immune cells allows researchers to directly test whether immune cells can eliminate tumor cells in
response to ICIs. Similarly, Dijkstra et al. developed a method for co-culturing colorectal cancer
organoids with autologous blood-derived T cells, leading to the enrichment and identification of
tumor specific T cell populations [50]. These techniques may apply to HNCs in the future and could
potentially serve as a platform for personalized immunotherapy testing. Recent studies have reported
efforts to predict ICI responses using organoid—immune cell co-cultures. Organoid-based models
have been successfully used to predict patient responses to immunotherapy [47,48].

Another strategy is to modify the organoid culture environment to retain the endogenous
immune components [49]. For example, ALI-based organoids can maintain not only tumor cells but
also resident immune cells, such as T cells, natural killer (NK) cells, and macrophages, for a certain
duration. These “immune cell-retaining” organoids offer a unique opportunity to study the TME and
immune checkpoint pathways without the need for exogenous immune cell supplementation. A
recent study on HNSCC using an ALI-based organoid platform demonstrated that tumor derived
organoids preserved CD3+ TILs and that PD-1/PD-L1 blockade enhanced T-cell infiltration and
interferon-gamma secretion, indicating that immune-responsive tumors can exhibit comparable
immunologic changes in vitro [48,51,52]. However, these technologies are still in the research phase
and further development is needed to ensure the long-term viability and proper function of immune
cells in organoid cultures, particularly in HNCs.

Nevertheless, PDO platforms have already been used for personalized immune profiling. For
instance, some models have been used to test the efficacy of CAR-T cells or tumor vaccines against
individual tumors [53,54].

In summary, organoid models represent a promising tool for assessing responsiveness to
immune therapy at the patient level, which is difficult to predict using conventional methods. They
are expected to contribute to the stratification of patients for immunotherapy and discovery of novel
immune targets in the future [48-50].

3.4. Clinical Translation and Limitations

Efforts to explore the clinical applications of PDOs are gradually emerging [34,55,56]. Recently,
a preclinical study demonstrated the use of organoids derived from patients with HNSCC to design
personalized treatment strategies. In this pilot study, tumor tissues from patients with locally
advanced HNSCC were used to establish organoids, and their responses to various chemotherapeutic
agents and radiation were evaluated to help inform clinical decision-making [34]. Although limited
in scale, this study provides meaningful evidence that drug sensitivity results from PDOs may
correlate with patient responses and aid in optimizing treatment strategies. Although organoid-based
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personalized treatment remains largely at the research stage, these early findings suggest its potential
for integration into clinical practice in the near future [34,55,56].

Despite this promise, several key challenges must be addressed before the PDO technology can
be widely adopted in clinical settings. First, organoid establishment and culture require a
considerable amount of time (often several weeks), and the success rate of organoid generation is not
uniform across all patient samples. In some cases, insufficient tumor tissue or intrinsic properties of
the tumor may lead to failure of organoid formation [34,55]. Second, current organoid cultures
generally lack critical components of the TME, such as immune cells and vascular structures, limiting
their ability to model responses to immunotherapies or tumor TME interactions [49]. Third, the
generation and testing of organoids require specialized techniques and costly equipment, restricting
their use to large medical centers or advanced research institutes [26]. Fourth, prolonged in vitro
culture may lead to the accumulation of genetic or phenotypic alterations in tumor cells, necessitating
caution when interpreting results from long-term cultured organoids [57,58].

Various approaches have been explored for overcoming these limitations. These include co-
culturing organoids with immune cells and mimicking vascular structures using 3D bioprinting to
better replicate the TME [49]. Additionally, efforts are underway to automate organoid culture and
drug-screening platforms to improve the efficiency and success rates of organoid establishment [59].
Despite current limitations, PDOs are emerging as promising tools for guiding precise treatment
decisions and accelerating the development of new therapies for HNC. With continued
advancements, integration into clinical practice is expected [26,34].

In summary, PDO models in HNSCC are well suited for [18] capturing interpatient
heterogeneity in therapeutic responses, including variations in radiosensitivity, chemotherapy
sensitivity, and risk of recurrence and preserving HPV subtype-specific molecular features relevant
to precision treatment stratification [26,34,38]. Conversely, PDOs have a limited ability to [18]
recapitulate the immune and stromal components required to model immunotherapy responses, and
[26] provide sufficiently rapid turnaround times (TAT) compatible with real-time clinical decision-
making for newly diagnosed patients. Continued advances in microenvironmental modeling, co-
culture systems, and automated screening platforms may help bridge these gaps and expand the
clinical utility of PDOs in HNSCC [49,53,54].

4. Organoid-Based Precision Medicine in Lung Cancer

4.1. Lung Cancer Landscape: Genetic Heterogeneity Non-Small Cell Lung Cancer and Small-Cell Lung
Cancer

Lung cancer is one of the leading causes of cancer-related deaths globally [60], reflecting both its
high incidence and persistent difficulty in achieving durable treatments. In clinical settings, lung
cancer management is challenged by the significant genetic heterogeneity across both Non-Small Cell
Lung Cancer (NSCLC) and Small-Cell Lung Cancer (SCLC). This heterogeneity exists not only
between tumors (intertumoral), but also within different regions of the same tumor (intratumoral),
leading to variations in mutations, gene expression patterns, and chromosomal abnormalities. Such
heterogeneity complicates accurate treatment selection and prediction of drug response and is a
critical driver of acquired resistance to cancer therapies [1,61], limiting long-term clinical benefits.

In this context, the increasing importance of driver mutation-based targeted therapies and the
need for TAT platforms highlight the critical need for preclinical models that can faithfully capture
patient-specific tumor dependencies in clinically actionable timeframes [62].

4.2. Development of Lung Cancer Organoids

Effective precision medicine for lung cancer requires preclinical models that can preserve tumor
heterogeneity, retain clinically relevant driver mutations, and deliver rapid results useful clinically.
Historically, traditional 2D cell lines, such as A549, have been instrumental in cancer research;
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however, their inability to reflect patient-specific heterogeneity and treatment responses has limited
their translational relevance.

PDX models, wherein tumor tissues from patients are implanted into immunodeficient mice,
offer much improved preservation of tumor heterogeneity compared to 2D cultures [63]; however,
their low engraftment rates, high costs, and ethical concerns limit their utility for clinical decision-
making [64-66].

Compared with PDX models, PDOs offer faster expansion, the ability to be cryopreserved, and
are suitable for high-throughput drug screening (HTS) [57]. Unlike traditional cell lines, lung cancer
PDOs retain the patient’s tumor complexity and accurately reproduce the pathological and genomic
characteristics of the parental tumors, including driver gene mutations [67-69]. Thus, PDOs offer a
helpful middle ground between traditional cell lines and in vivo models.

PDOs are typically derived from biopsies, surgical resections, or malignant pleural effusions and
have shown moderate to high success rates in cell cultures [68-71]. The derivation process typically
involves dissociating tumor tissues into single cells, embedding them in ECM hydrogels, and
culturing them under conditions that allow 3D growth [70]. However, because biopsy-derived PDOs
represent only a limited spatial fraction of the tumor, the overall tumor heterogeneity may be
underestimated because of sampling bias [72]. Even closely related cells from the same tumor can
show markedly different responses to anti-cancer drugs [73].

Conventional lung cancer organoids maintain only malignant cancer cells and fail to preserve
stromal components, such as immune cells. The interactions of these components with the epithelium
play vital roles in tumorigenesis, tumor growth, and the response of the tumor to therapies [58,74].

One strategy developed to address this limitation is the use of ALI culture techniques. In ALI
systems, tumor organoids are embedded in a gel, wherein one surface is in contact with the culture
medium and the other is exposed to air. These PDOs retain the tumor epithelium and its stromal
microenvironment with fibroblasts and immune cells [75,76]. The use of ALI systems to culture lung
cancer PDOs is promising for observing therapies. while maintaining the key features of the TME.
However, despite these advantages, ALI systems are constrained by their limited culture duration
and difficulties with standardization, which restrict their scalability and routine implementation [58].

4.3. Applications in Targeted and Immunotherapy

4.3.1. Evaluation of Therapies Targeting EGFR, ALK, and KRAS

Given the central role of actionable driver mutations in lung cancer treatment, PDOs offer a
clinically relevant model for evaluating the efficacy of targeted therapies for lung cancer. Because
they retain the critical molecular characteristics of the original tumor, they are ideal for modeling
therapeutic response and resistance in precision interventions [68].

PDOs have demonstrated high fidelity in recapitulating the clinical responses to EGFR-targeted
therapies for NSCLC. Yao et al. showed that lung cancer PDOs retain driver mutations found in their
parental tumors, including EGFR exon 19 deletions and BRAF G464A mutations. These PDOs mirror
patient responses to clinically approved tyrosine kinase inhibitors (TKIs), such as afatinib and the
dabrafenib/trametinib combination, successfully predicting PFS and objective responses [71].

PDOs can also serve as valuable tools for modeling rare and underrepresented variants. In a
2025 study, Jeong et al. demonstrated that the PDOs YOU-076 and YOU-139, derived from patients
with prior EGFR-TKI exposure, showed sensitivity to lazertinib-amivantamab. This combination
enhanced the antitumor potency six-fold in vitro and was validated using a xenograft model [77].
Other case studies have found that PDOs were able to provide moderate prediction of drug
sensitivity in NSCLC metastases, complex mutation fusions, and rare cases [71,78].

Recent advances have enabled rapid turnaround in drug sensitivity testing using PDOs. In a
small-scale study, cancer organoid-based diagnosis reactivity prediction (CODRP)-based testing
using malignant pleural effusion-derived PDOs accurately predicted EGFR-TKI response within 10
days. Lee et al. found that when drug sensitivity assays used the CODRP index method, cancer cells
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isolated from 14 patients outperformed conventional approaches [79]. Hu et al. reduced the time for
drug sensitivity testing of lung cancer PDOs to 1 week on a moderate scale [62]. HTS systems built
around PDO models have also allowed for the scalable testing of EGFR and HER2 inhibitors,
expanding the translational pipeline [80].

PDOs also show promise as guiding therapies for anaplastic lymphoma kinase (ALK)-
rearranged NSCLC. CODRP-based models outperformed conventional metrics in predicting
sensitivity to ALK inhibitors (crizotinib, alectinib, and brigatinib) and accurately mirrored clinical
outcomes [81].

A 2024 case study used lung cancer PDOs to evaluate a patient with ceritinib-resistant ALK-
rearranged NSCLC, correctly predicting sensitivity to brigatinib and lorlatinib [82]. In a case report
of a novel ALK fusion in a patient with stage IIIA lung adenocarcinoma, crizotinib was selected as
adjuvant therapy using PDOs, and the patient achieved more than 3-year disease-free survival [81].

PDOs harboring KRAS mutations have also been used to evaluate therapeutic efficacy. Bian et
al. utilized PDO models and found that aldehyde dehydrogenase 1 family member A1 (ALDH1AT)
expression conferred resistance to KRAS inhibitors; however, combining ALDH1A1 inhibition with
KRAS blockade restored the therapeutic efficacy in PDO models [83]. Additionally, PDOs harboring
KRAS(G12C) mutations have been used to model the responses to sotorasib. The in vivo PDO
metastasis model allows for the effective evaluation of anti-metastatic therapies [76]. These studies
demonstrate the value of PDOs in the evaluation of therapies targeting mutations in EGFR, ALK, or
KRAS.

4.3.2. The Role of PDOs in Immunotherapy

Another method used to address the absence of immune and stromal components in standard
organoid models is the introduction of co-culture systems. Co-culture systems typically either retain
and expand endogenous immune cells within tumor organoids or add immune cells to organoids,
more accurately preserving tumor heterogeneity and allowing for more accurate dissection of the
effects of various therapies [75].

Several organoid-based co-culture systems have demonstrated the potential to predict immune
checkpoint inhibitor responsiveness. Co-culturing tumor organoids with cytotoxic T cells
reintroduces essential elements of the TME and allows for the real-time evaluation of responses to
ICIs that more closely mimic the in vivo response [84,85].

Organoid-based co-cultures are also being developed and screened for advanced
immunotherapies. These include testing chimeric antigen receptor (CAR) T cells, generating tumor
reactive lymphocytes for adoptive cell therapies, and reprogramming T lymphocytes to enhance
tumor specific cytotoxicity [86,87]. As these technologies continue to mature, PDO-based co-culture
platforms have promising implications for personalized immunotherapy landscapes.

4.4. Integration with Multi-Omics and Artificial Intelligence (Al)

The integration of PDOs with multi-omics profiling and Al presents a cutting-edge approach for
advancing precision medicine for lung cancer. Multi-omics profiling can enhance the reliability of
applying PDOs in discovering novel therapeutic targets using technologies like CRISPR/Cas9 and
RNAI to validate therapeutic targets [88,89].

Al can be used to predict interactions between immune cells and tumor components and to
compare multi-omics characteristics between treatment responders and non-responders [88]. Deep
learning models are being developed to improve organoid analysis and culture processes, as well as
to assess PDO responses to anti-cancer therapies [90,91].

Additionally, microfluidic systems mimicking physiological conditions (shear stress, fluid flow,
and tissue interfaces) have been integrated with PDOs. Referred to as organoids-on-chips (OrgOCs),
when integrated with multi-omic profiling, OrgOCs can identify how various omics layers respond
under specific physiological conditions. In precision medicine, this allows for the real-time
monitoring of PDOs, analysis using omics, and prediction of clinical responses [92].
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Challenges remain in standardizing data pipelines and addressing technical concerns such as
scalability and costs [93]. Ethical concerns, such as patient privacy and computational bias, must also
be considered as Al models have become increasingly common [94]. Nonetheless, the convergence
of PDOs, multi-omics, and Al holds immense promise for lung cancer treatment.

In lung cancer, PDOs excel at recapitulating patient-specific driver mutations and associated
targeted therapy responses and show immense promise for enabling rapid functional drug sensitivity
testing with clinically relevant turnaround times [80,81]. These strengths make Iung cancer PDOs
effective platforms for prioritizing targeted agents in genomically stratified NSCLC [71,77,95],
particularly in settings that require accelerated treatment decisions. Despite this promise, lung cancer
PDOs may still incompletely capture intratumoral heterogeneity due to sampling bias and remain
relatively limited in their ability to stably reproduce immune-stromal interactions over extended
culture periods [96]. Addressing these limitations is essential for broader clinical implementation of
organoid-based precision medicine for lung cancer.

5. Organoids in Hematological Malignancies

5.1. Unique Challenges in Modeling Blood Cancers

Given that hematological malignancies are forecasted to reach 4.5 million cases by 2030 [60], the
burden of developing stronger preclinical models for these diseases is increasing. Hematological
malignancies present unique biological and modeling challenges owing to their non-solid tumor
characteristics and dependence on specialized microenvironments [97]. Unlike solid tumors that can
be surgically resected and modeled in structured 3D cultures, many blood cancers consist of
circulating cells whose proliferation and therapeutic responses are dictated by dynamic, spatially
organized niches, such as the bone marrow (BM) or lymphoid tissues [98,99]. Therefore, the inherent
complexity of the blood cancer TME means that traditional modeling efforts are often forced to rely
on simpler systems, predominantly 2D cell cultures [97].

The TME in blood cancers is exceptionally complex and heterogeneous, encompassing a
remarkably diverse array of non-hematopoietic cells at various differentiation stages, including
tumor associated macrophages, endothelial cells, various immune infiltrates, and other non-tumor
cell types [97]. The nature of circulating cells implies a level of independence from the primary tumor
reservoir, but their pathogenesis and drug response are still greatly influenced by their particular
niches. However, these 2D culture systems fail to mimic the interactions between hematopoietic cells
and their non-hematopoietic counterparts, limiting their ability to model disease biology and ex vivo
responses to immunotherapy [97].

These limitations highlight the necessity for improved biomimetic 3D systems that can better
replicate the spatial, mechanical, and biochemical complexities of the blood cancer
microenvironment. These 3D systems aim to better simulate cell-cell and cell-matrix interactions,
oxygen and nutrient gradients, and niche-specific signaling pathways [97]. Organoids offer a
promising approach to model hematological malignancies in a manner that preserves
microenvironmental dependence and supports ex vivo evaluation of immunotherapy in patient-
relevant microenvironments [100].

5.2. Bone Marrow and Lymphoid Organoids

Although 2D cultures oversimplify the tumor ecosystem, organoids present a promising
solution to these limitations [67,101]. Recent generations of bioengineering have enabled the
development of BM and lymphoid organoids that can accurately simulate the cellular architecture of
human cells by integrating mesenchymal stromal cells, endothelial networks, and hematopoietic
progenitors [102,103].

However, because 2D cultures oversimplify in vivo BM function, BM organoids (BMOs)
incorporate essential cellular and architectural features of the marrow [104]. Multiple studies have
demonstrated the success of human induced pluripotent stem cell (iPSC)-derived BMOs in
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recapitulating normal and malignant hematopoiesis. The differentiation process involves the precise
application of a series of cytokine cocktails and embedding of cells within a hydrogel matrix. These
cells then organize into well-vascularized architectures that closely resemble native hematopoietic
tissue [98,105]. These structures successfully supported the engraftment of patient-derived cells from
multiple hematological malignancies, including acute myeloid leukemia (AML), CLL, and multiple
myeloma (MM), while maintaining a disease-specific morphology [106].

This in vivo-like behavior makes BMOs invaluable tools for modeling the hematopoietic
developmental processes. A 2024 study demonstrated the generation of BM-like organoids
containing multipotent mesenchymal and vascular networks capable of autonomous hematopoiesis
[107]. Similar findings regarding patient-derived hematopoietic stem and progenitor cells (hPSCs)
from patients have been described for patients with myelodysplastic syndromes (MDS) [108]. This
indicates that iPSC BMOs exhibit disease-specific lineage differentiation [109].

BMOs show great promise for application to specific types of hematological malignancies. In
MM, cells actively modify the BM microenvironment, enhance disease progression, and promote
drug resistance [110,111]. Organoids have shown promise as a platform to overcome drug resistance
in MM by sensitizing tumor cells with small molecules that can correct dysregulated microRNAs
(miRNAs), which are strongly associated with refractory disease in patients with MM [112].

AML is a particularly challenging blood cancer originating from the BM. Within the BM, AML
cells establish a unique TME that shields the leukemic cells. The lack of long-term in vitro models
that can be scaled for HTS poses a significant challenge in advancing AML research. Recent
breakthroughs have introduced BMOs that support long-term culture and HTS [113].

Thus, the development of lymphoid organoids has gained traction [114]. In 2024, freshly resected
lymphoma biopsy fragments were cultured ex vivo to develop lymphoid organoids that retained the
histological and molecular features of the native tissue [115]. Thus, they were able to perform parallel
drug screening that correlated with the clinical responses.

Both BM and lymphoid organoids have strong potential to bridge the translational gap between
preclinical models and their application in the treatment of hematological malignancies [98].
Nonetheless, even state-of-the-art immune organoid models have limitations in fully recapitulating
tissue structure and function [116]. Many lymphoid organoids rely on reaggregation techniques to
generate morphologically unstable constructs, thereby reducing their downstream utility.

5.3. Personalized Drug Screening and Resistance Profiling

Tumor organoids have emerged as valuable in vitro models for drug testing because of their
high fidelity to the native tumor [57,101]. However, the translation of organoid models into platforms
for precision oncology relies heavily on their ability to sustain viable malignant hematopoietic cells
long enough for functional drug testing [99]. The following studies demonstrate promise that the 3D
culture of organoids may help overcome these limitations and enable patient-specific drug profiling.

For instance, in MM, the use of a 3D Matrigel-based BM niche significantly extended primary
tumor cell viability by approximately 10 days. This was compared with the approximately 2 days in
traditional 2D cultures. This viability allows for more comprehensive drug sensitivity testing and
demonstrates the importance of stromal components [117]. In AML, recently introduced human BM
perivascular organoids have demonstrated success in long-term cultures and HTS capabilities [98].

The aforementioned lymphomas, which preserve key histological and molecular features, also
support HTS applications. These lymphomoids not only retain tumor architecture but also enable
individualized testing of therapeutic agents [115].

Similarly, hematopoietic organoids formed via stepwise induction and gelatin-methacryloyl
(GelMA) scaffolding have been used as platforms to evaluate therapeutic responses [118]. Platforms
such as MagIC-PDX further advance this field by enabling the efficient creation of drug-resistant
hematological malignancy organoids [110,117].

5.4. Toward Immunotherapy Testing Platforms
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Immunotherapies, including CAR-T cells, bispecific antibodies, and NK cell-based approaches,
can also be evaluated using organoid-based platforms that allow the analysis of patient-specific
immune responses in a controlled ex vivo setting [49,119,120].

A 2025 study introduced patient-derived lymphoma organoids (PDLOs) constructed from
follicular lymphoma samples that retained the original TILs and the TME for up to three weeks. When
T cell-engaging bispecific antibodies were used to treat these PDLOs, marked B cell killing and T cell
activation were observed, providing evidence that autologous immune-tumor interactions can be
preserved and evaluated with organoids [119]. In another study, T cells expressing T-cell receptors
(TEGs) were shown to infiltrate 3D organoids and eliminate tumor cells more effectively than that
achieved in 2D cultures [117].

Beyond T cells, CAR-T therapies have demonstrated clinical success in hematological
malignancies, and the integration of PDO systems offers a scalable patient-specific method to test
these therapies in vitro [120]. The use of bispecific antibodies also holds promise for treating blood
cancers, although the research is underdeveloped thus far. In colorectal cancer, T-cell bispecific
antibodies have been used to aid in the dissection of immunotherapy resistance mechanisms [75].

Although standardization challenges remain [121], as these platforms mature and technological
advances occur, organoid-based immunotherapy may enable greater preclinical evaluation of
patient-specific immunotherapeutic strategies.

Across hematological malignancies, organoid-based models have shown strong promise for
recapitulating disease-relevant microenvironmental niches that govern malignant cell survival and,
therefore, enable ex vivo functional evaluation of immunotherapies within patient-matched stromal
and immune contexts [98,110,114,115]. These capabilities are especially valuable in blood cancers,
where the therapeutic response is tightly coupled with BM or lymphoid niche signaling [99].

However, hematological malignancy organoids remain technically complex and time-intensive
to create and are still limited in their ability to fully reproduce long-term immune dynamics [98].
Additionally, it remains challenging to standardize and has variable scalability potential across
disease subtypes [121-124]. Overcoming these challenges is critical for translating niche-informed
organoid platforms into robust tools for precision medicine.

Organoid platforms are increasingly recognized as versatile functional systems for modeling
both solid and hematological malignancies. While organoid models in solid tumors, including head
and neck and lung cancers, primarily aim to recapitulate tumor architecture and epithelial
heterogeneity, hematological organoids wuniquely focus on reconstructing specialized
microenvironmental niches, such as the bone marrow and lymphoid tissues, which are critical for
sustaining malignant cell survival and therapeutic response [99,123]. Despite these structural and
technical distinctions, organoid platforms consistently provide valuable functional insights for drug
screening, resistance profiling, and immunotherapy evaluation across diverse disease contexts
[122,123]. A comparative summary of organoid applications, strengths, and current limitations across
head and neck cancer, lung cancer, and hematological malignancies is presented in Table 1.

Table 1. Cross-disease comparison of organoids in precision medicine readiness.

Category Head and Neck Cancer Lung Cancer Hem.utolog.zc
Malignancies
. . Stem cells (iPSC/ESC);
Surgical resection; . : . . .
. . Biopsy; surgical resection;  primary tissue (bone
Sample Source biopsy; metastatic ; . .
) malignant pleural effusions marrow aspirates, lymph
lymph node specimens )
[33,34] [72,125] node biopsy)
’ [100,101,106,128]
Establishment Success |35-77% (depending on ~ 60-90% (depending on Highly dependent on
Rate (Range) tumor cell content,  sample type and protocol)  disease subtype and
pretreatment history [68-71,125,126] niche support [118,129]

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0100.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 March 2026 d0i:10.20944/preprints202603.0100.v1

14 of 24

and processing time)
[34]
~3-6% weeks for
Turnaround Time organoid expansion, ~7-14 days for rapid drug  ~2-4 weeks (prolonged

(TAT) plus ~1-2 weeks for sensitivity assays; 2-4 weeks by niche reconstitution
drug/radiation testing for expanded testing [57,62] requirements) [130]
[34,40]
Targeted therapy
s.ensiti\fi’.cy,: Targeted therapy Drug sensit.ivity
radiosensitivity; e oy screening; resistance
. sensitivity; viability; e
Readouts chemoradiation _ - profiling; immune-
. resistance profiling . .
response; biomarker (68,71,76,77,79-82] mediated cytotoxicity
stratification ey [113,117,119,130]
[26,33,34,75]
High potential
Limited; requires co- ALI and co-culture models '8 po. entia
. : . depending on
Immune Modeling | culture or ALI systems partially preserve immune . .
g . : microenvironmental and
Feasibility for immune retention components [49,75,84— . . .
[49] 87,127] immune interactions
’ [117,119]
Pilot clinical feasibility Relatively strong Early stage clinical trials;
ies; earl lational 1 f-of-
Clinical Evidence Level studleé, early tran‘s fitlona and early proof-o concept a'nd
correlation with clinical correlation preclinical validation
treatment response [34] [74,80,87] [75,107,120,131]
Slow TAT; lack of
immune/stromal Sampling bias from L .
. . . L. Costly; time-intensive;
s components; variable biopsies; limited L.
Main Limitations . . standardization
establishment success; maintenance; hallenges [121,130]
limited standardization challenges chatienges ’

standardization [34,75]

6. Toward Functional Precision Oncology

6.1. Shared Functional Gaps Across Distinct Cancer Types

Through HNCs, lung cancer, and hematological malignancies, this review reveals a shared albeit
context-dependent limitations of the current genomics-centered precision oncology: the inability to
functionally predict patient-specific therapeutic responses (Figure 2). In HNCs, the pronounced
heterogeneity in radiosensitivity and recurrence risk undermines uniform treatment strategies. In
lung cancer, rapid resistance to genotype-matched targeted therapies highlights the persistent
discordance between molecular alterations and clinical responses. In hematological malignancies,
therapeutic outcomes are critically shaped by specialized microenvironmental niches that cannot be
captured by conventional reductionist models.

Although these diseases differ substantially in terms of tissue origin, genetic architecture, and
clinical management, they share a common unmet need for functional platforms capable of bridging
the gap between molecular profiling and real-world treatment responses.
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Organoids as a Functional Stratification Layer in precision Onceology
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Figure 2. Organoids as a functional stratification layer in precision oncology.

6.2. Redefining Organoids as Functional Stratification Platforms

By synthesizing disease-specific evidence across these distinct clinical contexts, this review
reframes PDOs not merely as experimental disease models but as functional stratification platforms
that enable patient-specific therapeutic decision-making. Unlike conventional preclinical systems,
organoids directly investigate treatment sensitivity, resistance dynamics, and microenvironment-
dependent vulnerability in patient-matched contexts. Through this functional lens, organoid
platforms function as an intermediate layer between genomic information and clinical responses,
complementing molecular profiling and real-time biological validation. This shift repositions
organoids from passive disease representations to active decision-support tools in precision oncology
workflows.

6.3. From Genotype-Guided to Response-Driven Precision Medicine

This review addressed the growing divide between the expanding molecular classification of
cancer and the persistent unpredictability of treatment responses observed in clinical practice.
Although genomic profiling has transformed oncology, genotyping alone is insufficient for capturing
the functional complexity of tumor biology. By positioning organoid-based systems at the interface
between molecular features and therapeutic outcomes, we propose a conceptual transition from
genotype-guided precision medicine to response-driven precision medicine. This paradigm
emphasizes functional evidence as a critical determinant of treatment selection and enables adaptive
and patient-centered therapeutic strategies.

7. Future Directions and Clinical Translation

Several critical challenges must be addressed for organoid-guided precision oncology to
transition from proof-of-concept to routine clinical implementation. Standardization of culture
conditions, extracellular matrices, assay readouts, and quality control metrics is essential to ensure
reproducibility across institutions. Equally important is the reduction in turnaround time through
automation, miniaturization, and integration with microfluidic platforms to enable real-time clinical
decision support.
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Incorporating immune, stromal, and vascular components into organoid systems is necessary to
comprehensively model therapeutic responses, particularly in immunotherapies and
microenvironment-dependent cancers. The convergence of organoid platforms with multi-omics
profiling and artificial intelligence-driven analytics will further enhance predictive accuracy by
enabling data integration, pattern recognition, and patient stratification at scale.

Finally, regulatory harmonization, ethical governance, and equitable access must be considered
for organoid-based technologies that move toward clinical adoption. Establishing clinically certified
workflows and companion diagnostic frameworks is crucial for integrating functional testing into
standard oncology practice. Together, these advances will enable a new generation of adaptive,
response-driven, precision oncology strategies that place functional biology at the center of
therapeutic decision-making.
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Abbreviations

The following abbreviations are used in this manuscript:

ALI Air-liquid interface

ALK Anaplastic lymphoma kinase

AML Acute myeloid leukemia

BM Bone marrow

BMO Bone marrow organoid

CLL Chronic lymphocytic leukemia

GelMA Gelatin methacryloyl

HNC Head and neck cancer

HNSCC Head and neck squamous cell carcinoma
HPV Human papillomavirus

HPSC Hematopoietic stem and progenitor cell
HTS High-throughput screening

ICI Immune checkpoint inhibitor

iPSC Induced pluripotent stem cell

MDT Multidisciplinary treatment

MM Multiple myeloma

NK Natural killer

NSCLC Non-small cell lung cancer

PD-1 Programmed cell death protein 1
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TAT Turnaround time

TME Tumor microenvironment

TIL Tumor infiltrating lymphocyte
PDX Patient-derived xenograft

Figure 1. Workflow of organoid-based precision oncology.

Schematic illustration of the workflow for organoid-based precision oncology. Patient-derived
samples obtained from biopsies or surgical resections are used to establish tumor organoids through
induction and three-dimensional culture. Established organoids undergo quality control to validate
genotypic and phenotypic fidelity to the parental tumors. Functional testing, including drug
response, radiation sensitivity, and immune responsiveness, is performed, followed by integrated
analysis using multi-omics approaches and computational modeling. The resulting functional data
are fed back into clinical decision-making to refine treatment strategies and improve predictive
accuracy.

Figure 2. Organoids as a functional stratification layer in precision oncology.

Schematic illustration of organoids as a functional stratification layer bridging genomic
information and clinical outcomes in precision oncology. Across multiple cancer types, including
head and neck cancer, lung cancer, and hematological malignancies, genomic profiling alone is often
insufficient to predict therapeutic response. Patient-derived organoids enable functional response
profiling to targeted therapies, radiotherapy, and immunotherapies, generating quantitative
sensitivity patterns. These functional readouts complement molecular profiling and support
informed clinical decision-making, including therapy selection, treatment switching, and advanced
immunotherapeutic strategies such as CAR-T cells and bispecific antibodies.

Table 1. Cross-disease comparison of organoids in precision medicine readiness.

Overview of organoid-based platforms across head and neck cancer, lung cancer, and
hematological malignancies. The table summarizes key parameters, including sample sources,
establishment success rates, turnaround times, functional readouts, feasibility of immune modeling,
levels of clinical evidence, and major limitations. This comparison highlights disease-specific
strengths and challenges of organoid models in supporting precision medicine applications.
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