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Abstract

Hepatocellular carcinoma (HCC) is characterized by marked intertumoral and intratumoral
heterogeneity, which contributes to highly variable responses to systemic therapy and
limits the clinical utility of current biomarker-driven precision strategies. Growing evidence
suggests that static molecular profiling alone cannot fully capture the functional
determinants of therapeutic response, particularly for immune checkpoint-based
treatment. In this review, we discuss the concept of functional precision oncology in HCC
and provide a structured framework for positioning patient-derived tumor models across
the translational spectrum. We compare long-term expandable patient-derived organoids
(PDOs), short-term patient-derived organotypic tumor spheroids (PDOTS), and
patient-derived tumor fragments (PDTFs), emphasizing their distinct biological scopes and
translational roles. Whereas conventional PDOs support scalable assessment of tumor
cell-intrinsic drug sensitivity, organotypic platforms preserve endogenous immune and
stromal components and therefore permit direct ex vivo interrogation of immunotherapy
responses. We further discuss how functional drug-response data generated from these
models can serve as phenotypic ground truth for interpreting multi-omics data and
informing computational and Al-assisted predictive frameworks. Finally, we outline key
challenges related to standardization, scalability, and clinical integration, and propose a
roadmap for incorporating patient-derived functional tumor models into precision therapy
development for HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) remains one of the leading causes of cancer-related mortality worldwide,
and both its incidence and mortality have continued to rise over recent decades'"?. Because early-stage
disease is often clinically silent, many patients are diagnosed only after curative options such as surgical
resection or liver transplantation are no longer feasible!>*!. Systemic therapy has therefore become a
cornerstone of treatment for advanced HCC".

The therapeutic landscape of advanced HCC has expanded substantially with the introduction of multikinase
inhibitors and immune checkpoint inhibitors (ICIs). Agents such as sorafenib and lenvatinib, together with
monoclonal antibodies targeting the PD-1 (programmed cell death protein 1)/PD-L1 (programmed
death-ligand 1) axis, have improved survival and reshaped standard-of-care strategies'®.. Even so, objective
response rates remain modest, and outcomes vary widely among patients receiving the same regimen'').
This marked interpatient heterogeneity remains a major barrier to effective precision therapy in HCC"'.

To improve therapeutic stratification, numerous molecular and immunological biomarkers have been
proposed, including PD-L1 expression, tumor mutational burden (TMB), genomic alterations, and
transcriptomic signatures"***. However, accumulating clinical evidence indicates that most of these markers
provide only probabilistic, population-level associations with treatment response and lack robust predictive
power for individual patients"*. For immune checkpoint blockade in particular, no currently available
biomarker has shown sufficient sensitivity and specificity to reliably guide clinical decision-making in
HCC=l,

Response to systemic therapy, especially immunotherapy, arises from dynamic interactions among tumor
cells, immune populations, and the surrounding tumor microenvironment"”**). HCC develops within a
distinctive hepatic milieu shaped by chronic inflammation, cirrhosis-associated fibrosis, and etiologic drivers
such as HBV (hepatitis B virus), HCV (hepatitis C virus), and NASH (non-alcoholic steatohepatitis). These
liver-specific features influence immune composition and therapeutic responsiveness and should therefore
be considered when interpreting functional tumor models. Static molecular features captured at a single time
point cannot fully reflect a tumor’s capacity to respond to a defined therapeutic perturbation**!. This
limitation has prompted a conceptual shift in precision oncology, from reliance on correlative biomarkers
toward functional assays that directly measure drug-induced responses in patient-derived tumor material, an
approach increasingly described as functional precision oncology™**.

A range of preclinical models has been used to approximate drug response in HCC. Conventional
two-dimensional (2D) cancer cell lines are scalable and experimentally convenient, but they fail to capture
intratumoral heterogeneity and the complexity of the tumor microenvironment®”. Patient-derived xenograft
(PDX) models preserve aspects of tumor architecture and genetics and have long been regarded as a
preclinical reference standard”**. However, their long establishment time, high cost, and lack of a functional

21,26]

human immune system severely limit their utility, particularly for immunotherapy research!

Against this background, patient-derived organoid (PDO)-based models have emerged as an attractive
intermediate between reductionist in vitro systems and in vivo models. PDOs can be generated within
clinically relevant timeframes and retain key genetic and histopathological features of the original tumors,
enabling parallel drug testing and mechanistic analysis®®”. More recently, advanced organotypic platforms
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such as patient-derived organotypic tumor spheroids (PDOTS) and patient-derived tumor fragments
(PDTFs) have been developed to preserve native immune and stromal components more effectively***.
These systems make it possible to interrogate functional immune responses to therapeutic agents, including
immune checkpoint blockade, in an intact tumor ecosystem ex vivo.

Systematic evaluation of available preclinical HCC models, particularly PDO-based and organotypic
platforms, is therefore essential for defining their respective strengths, limitations, and translational value. In
this review, we place organoid-based models within the broader landscape of HCC preclinical research,
summarize representative applications in drug testing and immunotherapy response assessment, and discuss
their emerging role in precision therapy development. Within this framework, functional precision oncology
refers to an approach that complements molecular profiling by directly measuring therapy-induced
responses in patient-derived tumor models. By integrating functional drug-response assays with genomic
and transcriptomic data, this strategy seeks to connect molecular states with experimentally validated
therapeutic phenotypes and thereby improve the interpretability and predictive potential of precision
oncology.

PRECLINICAL MODELS FOR HCC: A COMPARATIVE LANDSCAPE AND TRANSLATIONAL

POSITIONING

Traditional preclinical models in HCC research

2D cell line models: accessibility at the cost of predictive power

2D HCC cell lines are among the earliest and most widely used systems for studying liver cancer biology and
drug response. Lines such as HepG2 (human hepatoblastoma-derived cell line), Huh7 and PLC/PRE/5
(human hepatocellular carcinoma cell lines) have been extensively used to interrogate oncogenic signaling,
metabolic reprogramming, and sensitivity to cytotoxic or targeted agents®?.

However, large pharmacogenomic studies have shown that drug responses observed in 2D cultures often fail
to translate into clinical efficacy®**. This limitation largely reflects clonal selection during long-term in vitro
propagation, loss of intratumoral heterogeneity, and the absence of three-dimensional architecture and

[35-37

microenvironmental cues””” "), In HCC, where stromal interactions and immune contexture strongly
influence therapeutic response, these shortcomings are particularly relevant and can produce misleading

drug-sensitivity signals"®.

Accordingly, although 2D cell lines remain valuable for mechanistic studies and early-stage compound
screening, their ability to predict patient-specific drug response in HCC is inherently limited.

PDX models: in vivo fidelity with limited clinical timeliness

PDX models are generated by engrafting fresh human HCC tissue into immunodeficient mice and have been
widely used in preclinical cancer research”>*. Multiple studies have shown that HCC PDX models preserve
histopathological features, genomic alterations, and interpatient heterogeneity more faithfully than
conventional cell line-based systems'*'. They have also been used extensively to evaluate targeted therapies,
including sorafenib and lenvatinib, and to investigate mechanisms of drug resistance'*>*!. In addition,
patient-specific growth patterns and treatment responses can often be maintained across serial passages,
supporting the value of PDX models in late-stage preclinical development!*’.

Despite these strengths, several intrinsic limitations restrict the translational utility of PDX models.
44,45)

Establishment usually requires several months, which precludes real-time therapeutic decision-making'
More importantly, the absence of a functional human immune system fundamentally limits their relevance
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for immunotherapy research, which is now central to HCC treatment. Although humanized PDX models
have been developed, their technical complexity, variable immune reconstitution, and limited
standardization have hindered widespread use!***”..

Genetically engineered mouse models: mechanistic insight without patient specificity

Genetically engineered mouse models (GEMMs) have played a central role in elucidating the molecular
drivers of hepatocarcinogenesis'**. By introducing defined alterations, such as MYC (MYC proto-oncogene,
bHLH transcription factor) activation, B-catenin activation, or TP53 (tumor protein p53) loss, GEMMs allow
controlled investigation of oncogenic pathways and tumor-immune interactions in an immunocompetent
setting*"l.

Nevertheless, GEMMs are intrinsically limited by species-specific biology and restricted genetic diversity!®..
Tumors arising in these models often follow relatively uniform evolutionary trajectories and do not capture
the extensive heterogeneity of human HCC". Thus, while GEMMs are indispensable for mechanistic and
hypothesis-driven studies, their ability to predict individual patient responses to systemic therapy remains
limited"?.

Emergence of PDO-based models

PDOs: reconstructing tumor cell-intrinsic drug responses

PDOs have emerged as a versatile ex vivo platform that retains key genetic and histopathological features of
primary HCC tumors®*. Seminal studies showed that liver cancer organoids preserve driver mutations,
copy-number alterations, and lineage-associated transcriptional programs from their parental tumors. This
fidelity is substantial but not absolute, because subclonal complexity and some complex structural alterations
may be underrepresented or may shift during in vitro propagation as a result of culture-induced
selection”*.

In functional applications, PDOs have been used successfully for drug-sensitivity testing with cytotoxic and
targeted agents””*. Organoid-based screening in biliary tract cancer and liver cancer cohorts has shown
encouraging concordance with patient responses, supporting their utility for predicting chemotherapy
efficacy””**. However, because these systems are composed largely of epithelial tumor cells and lack immune
and stromal compartments, their value for predicting immunotherapy response is limited.

PDOTS and organotypic tumor spheroids: preserving functional tumor ecosystems

Conventional PDOs are powerful platforms for modeling tumor-intrinsic biology and drug sensitivity, but
their epithelial-only nature fundamentally limits their usefulness for immunotherapy research*”.. The
extensive enzymatic dissociation required for long-term organoid expansion removes endogenous immune
and stromal components and therefore precludes direct interrogation of immune-mediated tumor control.
Although immune cells can be reintroduced through co-culture approaches, these systems usually rely on
peripheral or exogenously added immune cells that lack prior antigen experience within the tumor
microenvironment. As a result, they do not faithfully recapitulate patient-specific responses to immune
checkpoint blockade**.

To address these limitations, PDOTS were developed as an alternative culture strategy designed to preserve
the native tumor immune ecosystem. PDOTS are generated through minimal dissociation of freshly resected
tumor tissue, allowing retention of tumor-resident immune cells within multicellular spheroids. Early
landmark studies in melanoma showed that PDOTS could support short-term ex vivo assessment of
anti-PD-1 therapy and revealed heterogeneous immune-mediated tumor killing that closely paralleled
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clinical sensitivity and resistance!?”*?!. These studies provided the first functional evidence that
immunotherapy responsiveness could be evaluated ex vivo in patient-derived tumor material while
endogenous immune context was preserved.

A defining feature of PDOTS is the retention of tumor-infiltrating immune cells that have undergone antigen
exposure and immune selection in situ. Unlike peripheral blood-derived or in vitro-expanded immune cells,
the populations preserved in PDOTS are tissue-resident and antigen-experienced, having been shaped by
sustained interactions with tumor cells, stromal elements, and local immunosuppressive cues””. PDOTS
therefore capture immune effector states that more closely reflect a patient’s pretreatment immune landscape
and provide a biologically relevant substrate for evaluating immune checkpoint blockade.

Consistent with this view, recent high-resolution analyses of patient-derived tumor spheroids and minimally
dissociated tumor cultures have shown enrichment of tumor-reactive heterotypic CD8" T-cell clusters!*’’.
These clusters contain CD8* T cells physically engaged with autologous tumor cells and/or
antigen-presenting cells, forming functional immune synapses that are largely absent from conventional
immune co-culture systems. CD8™ T cells isolated from such clusters show increased TCR clonality,
enrichment of tumor-reactive transcriptional programs, and enhanced cytotoxic capacity, whereas
dissociated single T cells more often display bystander or virus-reactive phenotypes with limited antitumor
activity'®’. These observations offer a mechanistic explanation for why PDOTS-based platforms outperform
simple organoid-immune co-cultures in capturing clinically relevant immune responses.

PDOTS and related organotypic tumor spheroid systems have now been reported in multiple tumor types,
including melanoma, non-small-cell lung cancer, and HCCP*****/. Across these settings, they have been used
for short-term functional assessment of immune checkpoint blockade, evaluation of immune-mediated
tumor killing, and exploration of combination strategies aimed at overcoming primary or acquired
immunotherapy resistance. Taken together, these studies establish PDOTS as a reproducible and versatile
platform for functional immunotherapy profiling in solid tumors.

PDTFs: capturing early immune reactivation

PDTFs represent an extreme form of organotypic modeling in which intact tissue architecture and spatial
immune organization are preserved over short culture periods®®!. A landmark study showed that ex vivo
PD-1 blockade in PDTFs induced rapid immune reactivation within 24-48 h and that the magnitude of this
response correlated closely with clinical outcomes across multiple cancer types'®. These findings provided
direct evidence that functional immune responsiveness can be measured ex vivo in patient-derived tissue and
offered a complementary strategy to molecular biomarker-based prediction.

Despite their exceptional biological realism, PDTFs are constrained by practical and methodological
limitations that prevent broad translational deployment*”. The same features that confer their value, namely
preserved architecture, spatial immune organization, and minimal perturbation, also restrict culture

[62

duration, scalability, and assay repeatability'®. PDTFs usually remain viable only within a narrow window of
approximately 24-72 h, during which immune-cell function progressively declines, limiting analysis largely

to early immune activation events!*>*.,

In addition, PDTFs require substantial amounts of fresh tumor tissue and do not allow parallel testing of
many therapeutic conditions, making them unsuitable for high-throughput screening, longitudinal
functional assessment, or iterative regimen optimization!”’. These constraints limit their use as routine
predictive tools in clinical decision-making. Instead, their main value lies in serving as high-fidelity
proof-of-concept platforms that demonstrate how responsiveness to immune checkpoint blockade is
encoded within the pretreatment tumor immune ecosystem and can be revealed ex vivo.
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Table 1. Landscape of preclinical models used in hepatocellular carcinoma research

Model s e . s e
type Advantages Limitations Typical applications References
ZD Rapid establishment: low cost: Rapid loss of tumor heterogeneity; .
primary ! . absence of 3D structure and tumor Early-stage drug screening;

suitable for short-term functional . . . e L . [103-105]
tumor cell - . . microenvironment; high false-positive  short-term mechanistic studies

assays; partially patient-derived A
cultures drug sensitivity

Preser\{es histopathology and Long establ|§hment tlme;‘h|gh cost; Preclinical validation of targeted

genomic features; reflects lack of functional human immune R )
PDX : X . . L L . therapies; resistance mechanism [24,40,46]

interpatient heterogeneity; robust in  system; limited suitability for real-time A

. ) . o studies

vivo drug efficacy evaluation prediction

Defined genetic background; Limited genetic diversity; Tumorigenesis studies;
GEMMs immunocompetent environment; species-specific differences; poor immune-oncology mechanism [52,106,107]

strong mechanistic interpretability patient-level predictability research

Epithelial-dominant; lack endogenous ) .
. . . . . Functional testing of

Retain tumor genetic and histological immune and stromal components; chemotherany and tareeted

PDOs features; scalable; compatible with unable to capture tumor-immune . Py target [33,96,108]
. X ) . L agents; tumor cell-intrinsic
parallel drug testing interactions; limited suitability for -
o response profiling
modeling immunotherapy responses
. Ex vivo assessment of

Preserve endogenous immune and Limited culture duration; lower immune-mediated tumor killing;

PDOTS stromal cells; enable short-term s S . & [26,29,58,95,98]
. . scalability; protocol variability immunotherapy response
functional immune assays R
validation

Maintain intact tissue architecture Very short viability window: low Early functional prediction of

PDTFs and spatial immune organization; y Y ! immunotherapy response; [28,62,64,65]

capture early immune reactivation

throughput; technically demanding

immune ecosystem interrogation

2D: Two-dimensional; 3D: three-dimensional; GEMMs: genetically engineered mouse models; PDOs: patient-derived organoids; PDOTS:
patient-derived organotypic tumor spheroids; PDTFs: patient-derived tumor fragments; PDX: patient-derived xenograft.

Why organoid-based models complement - rather than replace - traditional systems

Collectively, existing preclinical models capture distinct aspects of HCC biology and treatment response
[Table 1]. PDX models are well-suited for long-term in vivo efficacy evaluation, GEMMs provide
mechanistic insight in defined genetic settings, and PDOs enable scalable assessment of tumor cell-intrinsic
drug sensitivity. Organotypic platforms such as PDOTS and PDTFs bridge these systems by allowing rapid,
patient-specific functional assessment while preserving key components of the tumor microenvironment.
Rather than replacing traditional models, PDO-based and organotypic systems fill a critical translational gap,
especially for immunotherapy, by providing timely and functionally informative readouts that are otherwise
difficult to obtain. Among them, organotypic functional platforms are particularly valuable because they
address one of the major bottlenecks in contemporary HCC treatment: the inability to prospectively evaluate
immune-mediated therapeutic responses at the individual-patient level.

PDOs AS PLATFORMS FOR TUMOR CELL-INTRINSIC FUNCTIONAL PRECISION ONCOLOGY IN
HCC

Conceptual emergence of PDOs in liver cancer research

The emergence of PDOs in liver cancer research reflects a broader shift in preclinical oncology toward
models that balance biological fidelity with experimental feasibility. Traditional in vitro systems are scalable
but often fail to capture patient-specific tumor behavior, whereas in vivo platforms such as PDX models,
despite greater physiological relevance, are limited by long establishment times and reduced clinical
timeliness. PDOs therefore emerged as an intermediate platform capable of preserving essential
tumor-intrinsic features while enabling rapid, parallelized functional interrogation.
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The liver is particularly amenable to organoid modeling because hepatic epithelial cells display substantial
plasticity and can undergo long-term expansion under defined culture conditions. Early studies showed that
both normal and malignant liver tissues could be propagated as three-dimensional organoid cultures,
providing the conceptual basis for applying this technology to HCC and related malignancies®. Importantly,
PDOs were adopted in liver cancer research not simply because the technology was novel, but because they
addressed a clear translational question: whether tumor cell-intrinsic drug sensitivities could be measured ex
vivo within a clinically actionable timeframe. That question continues to shape the development and use of
HCC-derived organoid systems'®.

Establishment strategies and biological fidelity of HCC-derived organoids

Tissue sources, culture conditions, and success rates

HCC-derived organoids have been established successfully from a range of tissue sources, including surgical
specimens, biopsies, and metastatic lesions. Reported success rates generally range from about 30% to 70%,
depending on tissue quality, tumor differentiation status, and culture conditions”®”"). Tumors with higher
proliferative capacity and stemness-associated transcriptional programs tend to form organoids more readily,
suggesting an inherent biological bias in current PDO systems. Most protocols rely on extracellular matrix
support and defined growth-factor supplementation to promote epithelial expansion while suppressing
non-epithelial lineages. Although these conditions enable long-term propagation, they may also favor
tumor-cell populations that adapt well to in vitro growth. This process can introduce clonal selection,
enriching for highly proliferative or stem-like subclones while underrepresenting slower-growing
populations from the original tumor!”. Such shifts in cellular composition should be considered when
interpreting functional drug-sensitivity assays and translational findings.

Genomic and histopathological concordance with parental tumors

A central requirement for the translational relevance of PDOs is their ability to recapitulate the molecular
and histological features of their parental tumors. Multiple studies have shown that HCC-derived organoids
retain key driver alterations, including mutations in TP53, CTNNBI (catenin beta 1, encoding B-catenin),
and TERT (telomerase reverse transcriptase), as well as copy-number changes and transcriptomic patterns
that resemble those of the original tumors. This preservation should nevertheless be regarded as relative
rather than complete, because long-term culture may favor expansion of specific subclones and may not fully
maintain all complex structural or subclonal alterations present in the original lesion”. Histopathological
analyses further support this fidelity, with PDOs reproducing tumor-specific architectural patterns and
lineage-marker expression observed in matched patient tissues. Together, these findings establish PDOs as a
reliable platform for studying tumor cell-intrinsic HCC biology at both genetic and phenotypic levels”.

Functional drug sensitivity testing using HCC organoids

High-throughput drug screening and interpatient heterogeneity

One of the most compelling applications of PDOs is functional drug-sensitivity testing. Organoid cultures
permit parallel evaluation of multiple agents across patient-derived samples and consistently reveal
substantial interpatient heterogeneity in drug response!”. This heterogeneity has been observed for both
cytotoxic chemotherapy and targeted therapies commonly used in liver cancer””. In biliary tract cancer and
liver cancer cohorts, PDO-based screening has uncovered response patterns that are not readily predicted by
genomic data alone, underscoring the added value of functional assays'™*””..

Concordance between organoid drug response and clinical outcomes

The translational relevance of PDO-based drug testing is further supported by studies showing concordance
between ex vivo organoid responses and patient clinical outcomes. In a representative biliary tract cancer
study, drug sensitivities observed in PDOs matched patient responses in more than 90% of evaluable cases,
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with additional support from PDO-derived xenograft models”™. Comparable large-scale validation studies in
HCC remain limited, but emerging reports suggest similar trends, particularly for chemotherapy and
targeted agents”®*. Discordant cases have also been described, reflecting both biological complexity and
technical limitations. These discrepancies indicate that PDOs should not be viewed as universal predictors of
therapy response, but rather as probabilistic functional readouts that must be interpreted within an
appropriate biological context!™.

Organoid-based multi-omics profiling and drug response signatures

Beyond direct drug testing, PDOs are increasingly being combined with transcriptomic and proteogenomic
profiling to dissect the molecular programs that underlie therapeutic response and resistance. Unlike bulk
tumor specimens, which capture static molecular states at a single clinical time point, PDOs enable
longitudinal, perturbation-aware profiling under controlled treatment conditions. This makes it possible to
compare baseline, drug-exposed, and resistant states within matched genetic backgrounds and to obtain a
dynamic view of tumor cell-intrinsic adaptation to therapy"™. Transcriptomic studies of liver cancer PDOs
have consistently identified treatment-associated reprogramming of signaling and metabolic pathways,
including changes in cell-cycle regulation, stress responses, lipid and amino-acid metabolism, and
lineage-associated transcriptional programs®-**). Many of these changes parallel patterns observed in
matched patient tumors after therapy, supporting the biological relevance of PDO-derived molecular
readouts. PDOs also permit analysis of adaptive transcriptional responses that are difficult to resolve in
clinical samples because of limited tissue availability and confounding stromal and immune signals.

Proteogenomic and phosphoproteomic analyses complement transcriptomic profiling by providing direct
information on pathway activation and functional effector states that cannot be inferred reliably from RNA
expression alone!®*! Integration of protein abundance and phosphorylation dynamics in PDOs has revealed
drug-induced rewiring of kinase networks, feedback activation of compensatory pathways, and
post-transcriptional regulatory mechanisms that contribute to therapeutic escape. These approaches are
especially informative for targeted therapies, for which pathway activity rather than gene expression per se
often determines drug efficacy.

Together, these multi-omics studies highlight the value of PDOs as a mechanistically tractable system for
linking functional drug-response phenotypes to underlying molecular states'®'. By enabling controlled and
repeatable perturbation experiments coupled with deep molecular profiling, PDO-based transcriptomic and
proteogenomic analyses help bridge the gap between descriptive clinical correlative studies and causal
mechanistic investigation.

Building on these datasets, several groups have used organoid-derived drug-response profiles to generate
gene-expression signatures or predictive panels for patient stratification. Some studies have reported
encouraging performance in retrospective analyses, although accuracy varies substantially across tumor
types, treatment settings, and clinical endpoints. For example, organoid-informed prediction has shown
promise in selected malignancies, particularly colorectal cancer, whereas comparable large-scale validation in
HCC remains limited™. It is important to note, however, that most organoid-derived signatures remain
fundamentally correlative. Although functional assays provide a strong foundation for identifying
response-associated molecular features, the predictive value of such panels ultimately depends on
independent validation and prospective clinical testing.

Structural and functional boundaries of conventional HCC organoids

Despite their strengths, conventional HCC organoids remain intrinsically epithelial-dominant systems'®”.
They lack critical components of the tumor microenvironment, including immune cells, fibroblasts, and
vascular elements, all of which are increasingly recognized as key determinants of therapeutic response!”.
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Consequently, PDOs are structurally unable to model immune-mediated mechanisms of action, particularly
those relevant to immune checkpoint blockade!™.

This epithelial bias imposes a fundamental limitation on the use of PDOs in immunotherapy research.
Although PDOs can capture tumor cell-intrinsic sensitivity to targeted therapy and chemotherapy, they
cannot reliably predict response to ICIs or support rational testing of immunotherapy-based combinations.
This limitation has driven the development of organotypic platforms that preserve endogenous immune
components, including PDOTS and tumor-fragment systems.

In summary, PDOs are powerful platforms for modeling tumor cell-intrinsic biology and functional drug
sensitivity in HCC, including aspects of tumor heterogeneity and cellular plasticity. HCC exhibits
pronounced intratumoral heterogeneity and dynamic cellular plasticity during progression and under
therapeutic pressure. Subpopulations with stem-like properties*, partial epithelial-mesenchymal transition
states, and drug-tolerant phenotypes may all contribute to adaptive resistance and tumor evolution”*.
These features also shape genomic and transcriptomic heterogeneity and may influence organoid
establishment, because the presence and functional state of cancer stem-like cells likely affect PDO
generation and long-term propagation. In this regard, organoid systems provide a valuable platform for
studying tumor-cell plasticity, cancer stem-cell dynamics, and therapy-driven evolutionary processes,
thereby offering additional insight into functional precision oncology.

At the same time, the absence of microenvironmental components defines a clear boundary to the
applicability of conventional PDOs. They should therefore be viewed not as comprehensive models of
therapeutic response, but as foundational elements within a broader ecosystem of patient-derived functional
platforms. This perspective naturally leads to the exploration of organotypic systems that retain immune and
stromal elements, as discussed in the following sections. Even these more advanced models still face
important technical and biological challenges, including variable establishment success and incomplete
representation of full tumor-microenvironment complexity, which must be addressed before routine clinical
implementation.

ORGANOTYPIC TUMOR MODELS FOR FUNCTIONAL ASSESSMENT OF IMMUNOTHERAPY

RESPONSE IN HCC

Rationale for organotypic modeling beyond conventional organoids

As discussed above, conventional PDOs are epithelial-dominant systems that lack key components of the
tumor microenvironment. This limitation is especially consequential in HCC, where immune contexture and
tumor-immune interactions critically influence responses to immune checkpoint blockade™.

Clinical experience with PD-1/PD-L1 inhibitors underscores the complexity of immunotherapy response in
HCC. Only a subset of patients achieves durable benefit, and these responses cannot be predicted reliably by
tumor cell-intrinsic biomarkers alone. Instead, factors such as pre-existing tumor-infiltrating lymphocytes,
immune exclusion, and spatially organized immune niches have emerged as major determinants of
therapeutic outcome®*”),

Organotypic tumor models were developed specifically to address this gap. By minimizing tissue dissociation
and preserving endogenous cellular composition, these platforms enable ex vivo functional interrogation of
immune responses within an intact tumor ecosystem, a capability that classical PDO systems do not provide.
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PDOTS

Structural and biological distinction from classical PDOs

PDOTS differ fundamentally from conventional PDOs in both construction and biological scope. Rather
than isolating epithelial tumor cells for long-term expansion, PDOTS are generated through limited
enzymatic and mechanical dissociation of fresh tumor tissue, followed by enrichment of multicellular
spheroids rather than complete single-cell dissociation. Whereas conventional PDO protocols typically rely
on more extensive digestion to obtain epithelial-enriched populations for prolonged culture, PDOTS
preparation is designed to preserve tumor cells together with resident immune populations, stromal
elements, and extracellular matrix. In seminal microfluidic PDOTS studies, spheroids in the 40-100 um range
were further selected because this fraction retained local immune populations and was well suited to
short-term ex vivo culture'™.

This distinction has important functional consequences. PDOTS retain endogenous CD8* and CD4™ T
cells, myeloid subsets, and tumor-associated fibroblasts during short-term culture, thereby preserving
cellular interactions that are central to immune-mediated tumor control. Unlike PDOs, which primarily
reflect tumor cell-intrinsic behavior, PDOTS provide a reduced yet biologically coherent representation of
the tumor microenvironment.

Functional readouts and short-term immune responsiveness

A defining feature of PDOTS is their suitability for short-term functional assays. Because immune-cell
viability and spatial organization are preserved only transiently, PDOTS are generally cultured for days
rather than weeks. Within this limited window, however, they permit direct measurement of immune
activation, cytokine production, and tumor-cell killing in response to therapeutic perturbation.

Several studies have shown that PDOTS can be used to assess ex vivo responses to immune checkpoint
blockade. For example, exposure to PD-1 inhibitors can induce rapid changes in T-cell activation markers
and effector-cytokine secretion, generating a functional readout of immune competence that is not captured
by static molecular profiling®"..

Importantly, PDOTS are often incorporated as functional validation modules within broader translational
studies, even when they are not presented as the primary experimental platform. In these settings,
PDOTS-based assays have been used to corroborate immune responsiveness observed in vivo or inferred
from transcriptomic analyses, underscoring their practical value as an intermediate functional system.

PDTFs: preserving native immune architecture
Concept and methodological features
PDTFs represent an extreme form of organotypic modeling characterized by minimal manipulation of tumor

tissue. Small fragments of freshly resected tumors are maintained ex vivo with preservation of
three-dimensional architecture, vascular remnants, and spatial immune organization'*”.

Unlike PDOTS, which involve partial tissue reaggregation, PDTFs retain intact immune niches, including
tertiary lymphoid structures and tumor-immune interfaces””?. This architectural preservation allows
interrogation of immune responses in their native spatial context, albeit over a very limited culture period.

Early immune reactivation as a predictor of clinical response

A landmark study using PDTFs showed that ex vivo PD-1 blockade could induce measurable immune
reactivation within 24-48 h across multiple cancer types, including liver cancer!’. Importantly, the
magnitude of this early immune response, reflected by cytokine secretion and T-cell activation, correlated
strongly with patient clinical outcomes'**..
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This work provided direct functional evidence that responsiveness to immune checkpoint blockade is
encoded, at least in part, within the pre-existing tumor immune ecosystem. It also identified distinct
categories of nonresponsive tumors, including lesions with immune infiltration but without functionally
tumor-reactive T cells, an observation with important implications for patient stratification.

The association between tertiary lymphoid structures and immune-reactivation capacity further underscored
the importance of spatial immune organization in determining therapeutic response and reinforced the
conceptual value of PDTFs as functional immunotherapy models.

Comparative positioning of PDOTS and PDTFs

Although PDOTS and PDTFs share the goal of preserving tumor-immune interactions, they occupy distinct
positions within the organotypic modeling spectrum. PDOTS provide greater experimental flexibility,
scalability, and compatibility with quantitative assays, making them suitable for functional screening and
mechanistic studies”*”). PDTFs, in contrast, maximize biological fidelity at the expense of throughput and
culture duration and are especially useful for probing early immune dynamics and spatially organized
responses'*.

Different patient-derived tumor models may at times yield discordant predictions of therapeutic response.
For instance, epithelial-dominant PDO systems may suggest sensitivity to targeted agents on the basis of
tumor cell-intrinsic programs'’, whereas organotypic platforms such as PDOTS or PDTFs may reveal
reduced efficacy once immune-mediated mechanisms or stromal interactions are considered®. Such
discordance should not necessarily be interpreted as a technical failure; rather, it reflects the different
biological dimensions captured by each model. These differences must therefore be interpreted in light of the
specific processes represented by each system. At the same time, PDOTS and PDTFs still face practical
challenges, including variable tissue quality, short culture duration, and limited throughput, all of which may
constrain their current clinical scalability.

PDOTS and PDTFs should therefore be viewed as complementary rather than competing platforms.
Together, they enable functional assessment of immunotherapy response across different levels of structural
preservation and experimental control, addressing a major unmet need in precision oncology for HCC.

Implications for functional precision oncology in HCC

The emergence of organotypic tumor models marks a conceptual shift in preclinical HCC research, from
static biomarker identification toward dynamic, patient-specific functional testing. By directly measuring
immune responsiveness ex vivo, PDOTS and PDTFs provide a biologically grounded and clinically relevant
means of interrogating therapeutic potential.

These platforms do not replace existing models, nor do they eliminate the need for molecular biomarkers.
Instead, they add a functional layer of evidence that complements genomic and transcriptomic analysis and
supports more integrative approaches to precision therapy development!®**.

TRANSLATIONAL INTEGRATION OF PATIENT-DERIVED FUNCTIONAL TUMOR MODELS IN HCC
From experimental platforms to translational tools

Although PDO-based and organotypic tumor models were initially developed as experimental systems, their
role in HCC research has increasingly shifted toward translational application. In many influential studies,
these models are not presented as the central narrative element but are embedded as functional validation
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Table 2. Representative studies using PDO, PDOTS and PDTF models across different therapeutic applications

Sample

Model Cancer type Therapy context size P Study purpose References
PDO HCC Targeted therapy/Chemotherapy 27 Drug response evaluation [27]
PDO HCC, ICC, CHC, GBC High-throughput drug screening (301 64 Drgg s_ensmvnty tes_tlnAg;AFunct.loan [83]

drugs) validation; Mechanistic investigation

Chemotherapy drug screening Drug sensitivity testing; Functional
PDO BTC (gemcitabine, cisplatin, 5-FU, etc.) ol validation; Mechanistic investigation [o6]
PDO HCC, ICC, CHC High-throughput drug screening (76 65 Drgg s'enslltlwty tes'tln'g;'Funct.longI [80]

drugs) validation; Mechanistic investigation

Drug sensitivity testing; Immunotherapy
PDOTS HCC Anlotinib + anti-PD-1 24 response evaluation; Mechanistic [29]
investigation

PDOTS HCC Anti-PD-1 49 Immunotherapy response evaluation [95]
PDOTS HCC Anti-PD-1+1C8 3-5 Immunotherapy response evaluation [59]
PDOTS ICC Gemcitabine + SSA 12 Drug response evaluation [94]
PDOTS NSCLC Targeted therapy + PD-1 2 Immunotherapy response evaluation [109]
PDTF Melanoma/NSCLC/RCC Anti-PD-1 37 Immunotherapy response evaluation [64]
PDTF  Glioblastoma Anti-CD25 + anti-PD-1 9 Immunotherapy response evaluation [62]

PDO: Patient-derived organoids; PDOTS: patient-derived organotypic tumor spheroids; PDTF: patient-derived tumor fragments; HCC:
hepatocellular carcinoma; ICC: intrahepatic cholangiocarcinoma; CHC: combined hepatocellular-cholangiocarcinoma; GBC: gallbladder cancer;
BTC: biliary tract cancer; NSCLC: non-small cell lung cancer; RCC: renal cell carcinoma; SSA: saikosaponin A; PD-1: programmed cell death protein 1;
5-FU: 5-fluorouracil; CD25: cluster of differentiation 25.

layers that complement in vivo models, molecular profiling, or clinical observations®. This pattern reflects
an important conceptual transition. Rather than acting as standalone predictors, patient-derived functional
models are increasingly used as contextual interrogators that test whether hypothesized mechanisms or
biomarkers translate into measurable therapeutic responses at the tissue level. This embedded mode of use
has become particularly prominent in studies of drug resistance and immunotherapy response, where static
molecular data alone are insufficient to establish causality"*.

Organoid-based drug sensitivity testing informing clinical response

The most mature translational application of PDO models lies in drug-sensitivity testing for cytotoxic and
targeted therapies. In biliary tract cancer, a landmark study established a large PDO biobank and reported
case-level concordance between ex vivo drug-sensitivity patterns and observed clinical responses in 12 of 13
evaluable patient-PDO pairs, with additional confirmation in PDO-derived xenografts”’. Representative
studies using PDO, PDOTS, and PDTF models across different therapeutic settings are summarized in Table
2. In that study, concordance was assessed by comparing organoid-based chemotherapy sensitivity profiles,
derived from dose-response and related viability readouts, with the corresponding patients’ treatment
outcomes. This work provided one of the clearest demonstrations that organoid-based functional testing can
inform therapeutic stratification. In HCC, similar approaches have been applied in smaller cohorts.
Organoid-based testing has been used to evaluate sensitivity to sorafenib, lenvatinib, and other targeted
agents and has revealed substantial interpatient heterogeneity that is not fully explained by genomic
alterations alone””*’). Both concordant and discordant cases have been reported, underscoring that
PDO-derived drug response should be interpreted as a probabilistic rather than deterministic predictor'®.
These findings suggest that PDO-based drug testing is most informative for therapies whose mechanisms are
primarily tumor cell intrinsic, whereas its predictive value is lower for treatments that depend heavily on
microenvironmental or immune-mediated effects.
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A recurring observation in organoid-based studies is the dissociation between genomic similarity and
functional response. Tumors sharing common driver mutations can display markedly different sensitivities
to the same agents when tested ex vivo'®”). This phenomenon highlights a major limitation of
genotype-centered precision oncology and underscores the complementary value of functional stratification.
By compressing complex cellular states into measurable phenotypic outputs, such as viability, growth arrest,
or cytotoxic response, organoid-based assays provide an integrative readout that captures regulatory and
epigenetic influences not readily inferred from sequencing data. In this sense, functional organoid assays do
not replace molecular profiling but instead contextualize it within a response-oriented framework.

Embedded use of PDOTS in immunotherapy-oriented studies
PDOTS as a functional validation layer rather than a central model

In contrast to PDOs, PDOTS are only rarely presented as the primary experimental system in translational
immunotherapy studies. Their most influential use has instead been as embedded functional modules that
validate immune responsiveness inferred from other data modalities. Several studies investigating immune
regulation or therapeutic resistance have used PDOTS to assess immune-mediated tumor killing or T-cell
activation ex vivo”*>**, In these settings, PDOTS serve not as the central platform but as complementary
assays that substantiate molecular or cellular findings. Their value lies in providing direct functional evidence
that links mechanistic observations to immune behavior in an intact tumor-tissue context. This use pattern
reflects a broader trend in translational oncology: organotypic models are valued less for scalability or
long-term expansion than for their ability to answer narrowly defined functional questions that are otherwise
difficult to address.

Linking ex vivo immune reactivity to in vivo and clinical observations

A major strength of PDOTS-based assays is their ability to connect ex vivo immune reactivity with in vivo or
clinical observations. In several settings, immune activation detected in PDOTS, such as increased cytokine
secretion or enhanced tumor-cell killing, has paralleled responses observed in animal models or patient
samples treated with the same agents'*). PDOTS assays have also been used to functionally support
transcriptomic signatures of immune activation or resistance, providing an intermediate validation step
between correlative molecular data and clinical interpretation. This integrative role is particularly valuable in
HCC, where immune heterogeneity and spatial organization complicate direct extrapolation from bulk
sequencing data.

PDTFs in early response assessment

PDTFs offer a distinct translational opportunity by enabling rapid functional assessment of intratumoral
immune responsiveness under near-native tissue architecture. In a seminal study, Voabil et al. established an
ex vivo PDTF platform and showed that the capacity of immune cells to be reactivated by PD-1 blockade
ex vivo predicted clinical response across multiple tumor types'®”’. Consistent with the intended
early-response design of this approach, standardized PDTF protocols typically operate within a short-term
window, allowing treatment-induced immune changes to be captured on a compressed timescale'”. These
findings indicate that the capacity for immune reinvigoration is an intrinsic property of the tumor immune
ecosystem and can be detected before clinical treatment begins. Importantly, such early functional responses
cannot be inferred from baseline biomarkers alone, highlighting the unique temporal information provided
by PDTF assays.

Although PDTFs are not yet suited to routine clinical implementation, their translational implications are
considerable. Functional stratification based on early immune reactivation could support patient-enrichment
strategies in immunotherapy trials, identify immune-nonresponsive tumor subtypes, and inform rational
combination development. Rather than serving as standalone diagnostic tools, PDTF-based assays are best
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regarded as discovery-oriented and hypothesis-generating platforms that complement established
biomarkers such as PD-L1 expression and TMB.

Integration with multi-omics and computational frameworks

An emerging application of patient-derived functional models is their integration with multi-omics data and
computational analysis to improve the interpretability and biological grounding of response prediction.
Although transcriptomic, proteomic, and other high-dimensional datasets have enabled the discovery of
response-associated signatures, such approaches remain limited by their correlative nature and susceptibility
to cohort-specific bias. Without direct functional validation, molecular signatures may reflect coincident
associations rather than causal determinants of therapeutic response!*. In this setting, functional readouts
generated from PDOs, PDOTS, or PDTFs provide a critical anchoring layer by linking molecular states to
experimentally validated response phenotypes. By supplying quantitative measures of drug sensitivity or
immune activation under controlled conditions, these models offer reference points that can calibrate,
constrain, and refine computational inference. Rather than competing with multi-omics-based prediction,
functional assays complement computational frameworks by defining biologically meaningful labels against
which molecular features can be interpreted.

Importantly, incorporation of functional data supports a shift from purely associative modeling toward more
mechanistically informed predictive frameworks. Functional readouts can serve as training data for
supervised learning, benchmarks for evaluating model generalizability, or filters for prioritizing
response-associated features that are reproducibly linked to phenotype across experimental settings. From a
computational perspective, several machine-learning approaches may be relevant. Supervised models,
including regularized regression, random forests, and deep neural networks, can be used to associate
organoid-derived functional readouts with transcriptomic, genomic, or proteomic features'*'*?. In parallel,
multimodal integration frameworks designed to jointly analyze heterogeneous omics layers may help capture
the complex relationships between tumor-intrinsic programs and treatment response. Practical
implementation will require careful attention to dataset size, cross-cohort validation, and technical variability
across both functional assays and multi-omics platforms.

Through this role, patient-derived functional models reduce reliance on indirect inference and strengthen
the robustness of response signatures derived from high-dimensional molecular data. Taken together, this
integrative strategy positions functional tumor models as enabling components of computational precision
oncology. By grounding multi-omics analyses in experimentally validated phenotypes, they improve both the
interpretability and the biological relevance of predictive models.

Practical considerations and translational perspective

Despite their considerable translational promise, patient-derived functional tumor models still face several
practical constraints that limit large-scale clinical deployment. Tissue availability, variable culture success
rates, cost, and the lack of standardized protocols all pose challenges to routine implementation. In addition,
heterogeneity in tissue processing and assay readouts complicates reproducibility across centers,
emphasizing the need for continued methodological harmonization and prospective validation.

Additional practical issues relate to tumor sampling and treatment history. Because most patient-derived
models are established from relatively small biopsy or surgical specimens, intratumoral heterogeneity raises
the possibility of sampling bias"*, whereby the sampled region may not fully capture the functional diversity
of the entire tumor. In HCC, spatial variation in immune infiltration, stromal composition, and clonal
architecture may all influence ex vivo drug-sensitivity profiles. Moreover, prior therapies, including targeted
agents, locoregional interventions, or immunotherapy, may alter tumor-cell states and immune composition
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before tissue collection, thereby affecting both model-establishment efficiency and interpretation of
functional drug responses.

Within these constraints, patient-derived functional models should be viewed not as standalone diagnostic
tools but as complementary research platforms that refine clinical interpretation. By enabling direct
measurement of therapeutic response at the tissue level, they provide functional insight that is difficult to
obtain through molecular profiling or in vivo modeling alone. Their main value lies in bridging mechanistic
hypotheses and clinical observations by supplying experimentally grounded evidence that strengthens the
interpretation of response-associated biomarkers and therapeutic strategies.

Viewed in this way, patient-derived functional tumor models occupy a distinct translational niche within
precision oncology. Rather than replacing established biomarkers or predictive frameworks, they act as
integrative intermediates that connect biological understanding with functional validation and thereby
support the rational development and interpretation of personalized treatment strategies in HCC.

PERSPECTIVES AND CONCLUSIONS: FUNCTIONAL TUMOR MODELS AS ANCHORS OF
PRECISION ONCOLOGY IN HCC

Recent advances in PDO-based and organotypic tumor models reflect a broader conceptual transition in
HCC research, from reliance on static molecular descriptors toward incorporation of functional,
patient-specific response assessment. Platforms such as PDOs, PDOTS, and PDTFs provide experimentally
tractable systems for interrogating therapeutic response at the tissue level while preserving key biological
features of patient tumors.

Rather than replacing molecular biomarkers, functional tumor models should be viewed as complementary
tools that contextualize genomic and transcriptomic data. By linking experimentally measurable response
phenotypes to molecular features, these systems provide biologically grounded reference frameworks for
interpreting treatment-associated signatures and refining predictive strategies.

Taken together, patient-derived functional tumor models provide an important bridge between mechanistic
understanding and clinical application in HCC. When integrated with molecular profiling and
computational analysis, these platforms have the potential to improve therapeutic stratification and support
the development of more rational precision oncology strategies.
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