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SUMMARY
Organoids are three-dimensional (3D) cultures, normally derived from stem cells, that replicate the complex
structure and function of human tissues. They offer a physiologically relevant model to address important
questions in cancer research. The generation of patient-derived organoids (PDOs) from various human
cancers allows for deeper insights into tumor heterogeneity and spatial organization. Additionally, interro-
gating non-tumor stromal cells increases the relevance in studying the tumor microenvironment, thereby
enhancing the relevance of PDOs in personalized medicine. PDOs mark a significant advancement in can-
cer research and patient care, signifying a shift toward more innovative and patient-centric approaches.
This review covers aspects of PDO cultures to address the modeling of the tumor microenvironment,
including extracellular matrices, air-liquid interface and microfluidic cultures, and organ-on-chip. Specif-
ically, the role of PDOs as preclinical models in gene editing, molecular profiling, drug testing, and
biomarker discovery and their potential for guiding personalized treatment in clinical practice are
discussed.
INTRODUCTION

The advent of organoids, a groundbreaking development in the

field of stem cell research over the past decade, has revolution-

ized various domains, including regenerative medicine, drug

development, and precision medicine.1 Organoids, essentially

mini-organs, are derived from adult stem cells (ASCs) or pluripo-

tent stem cells (PSCs) cultured in three-dimensional (3D) envi-

ronments. These tissue analogs not only possess a complex

spatial structure but also exhibit histological features and phys-

iological functions highly similar to their corresponding human

tissues.2

In cancer research, the evolution of tumor models has

played a pivotal role in deepening our understanding of can-

cer biology and in the development of novel therapeutic ap-

proaches. Despite being widely used and offering insights

into tumor progression, dissemination, and drug responses,

murine models come with limitations, including high costs,

time constraints, ethical considerations, and, most notably,

significant biological differences from humans. Similarly, tradi-

tional two-dimensional (2D) tumor models, predominantly

used for high-throughput drug screening, are limited in their

ability to accurately replicate the 3D microenvironment of
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actual tumors, often leading to discrepancies in drug-

response data.3

To overcome these challenges, the development of patient-

derived organoid (PDO) cultures has emerged as a critical

advancement. PDOs effectively mimic the 3D structure and

function of human tissues, signifying an important advancement

in cancer research.3–5 This approach circumvents many of the

ethical and biological issues inherent to in vivo models and

potentially more accurately represents the physical and biolog-

ical attributes of human tumors. Thus, PDOs serve as valuable

tools to study several aspects of tumor biology and can enhance

the predictive accuracy of drug efficacy assessments. Themeth-

odologies for establishing such cultures, including the culture of

epithelial organoids in extracellular matrices, air-liquid interface

(ALI) cultures of minced tumor fragments, microfluidic cultures,

and organ-on-chip (OoC), have been well summarized and

described.6–9

A significant milestone in the recognition of organoids as valu-

able research tools was the approval by the US Food and Drug

Administration (FDA) approval of these models as New Alterna-

tive Methods for drug development, as per the FDA Moderniza-

tion Act 2.0 of 2022.10 This recognition not only highlights the po-

tential use of organoids as alternatives or supplements to animal
ber 8, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1351
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studies but it also signals a shift toward more ethical and scien-

tifically robust platforms in cancer research.

Numerous studies have successfully generated PDOs from a

variety of human cancers, including but not limited to breast, co-

lon, kidney, ovarian, pancreatic, and liver cancers.11 These PDO

models are pivotal in capturing the cellular heterogeneity and

spatial organization found within tumors,12,13 thereby providing

valuable models for studying cancer development and progres-

sion. Furthermore, the culture of cancer organoids together with

non-tumor stromal cells has opened new avenues for exploring

the tumor microenvironment (TME). As innovative tools, PDOs

have demonstrated predictive values, thus paving the way for

personalized medicine and clinical decision making.6,7,14

This review focuses on the rapid advancements in the field of

PDOs. It discusses various methods for establishing PDOs to

more effectively replicate the TME. The multifaceted applica-

tions of PDOs are extensively examined in Table 1, including their

use as pre-clinical models in genomic editing, molecular and

biochemical profiling, drug testing, and biomarker discovery.

Additionally, the current state of PDO biobanks and the integra-

tion of these models into clinical practice, ultimately aiming to

facilitate personalized treatment strategies, are discussed

(Figure 1).

GENERATION OF 3D ORGANOID CULTURES:
MODELING THE TME

Tumors are specialized tissues, characterized by the infiltration

of diverse stromal cells, such as fibroblasts, endothelial cells

(ECs), and immune cells.84,85 Tumor development and progres-

sion are contingent upon intricate interactions among various

cell types within the TME.86,87 Furthermore, the TME is recog-

nized as playing a pivotal role in tumor metastasis, immunosup-

pression, and pharmacological responsiveness.88,89 Conse-

quently, elucidating the interactions between tumor cells,

tumor-associated fibroblasts, ECs, immune cells, and other stro-

mal cells within the TME is imperative for an in-depth under-

standing of the TME; this is crucial for discovering novel cancer

therapies.7,8,90,91 Currently, there are two main concepts for

modeling the TME in vitro.9

The first concept involves the culture of cancer organoids

within an extracellular matrix (ECM) to reconstitute the TME.

Traditional models of this kind are typically composed of tumor

epithelial cells, and they can also be supplemented with stromal

cells to more accurately reconstruct the TME. The second

approach focuses on preserving the intrinsic TME of the tumor

by culturing tumor fragments using ALI or microfluidics to culture

single-cell suspension-derived mini-tumor spheroids (Figure 2).

The ex vivo modulation of the TME through the co-culture of

cancer cells with different stromal cells in 3-D matrices provides

the groundwork for the different applications of PDOs discussed

in the following sections.

Culture with immune cells
The burgeoning field of cancer research is increasingly utilizing

organoid co-culture models to study complex interactions be-

tween cancer cells and the immune system. Thesemodels incor-

porate various immune cells such as lymphocytes,22,58 cytotoxic
1352 Med 5, 1351–1377, November 8, 2024
T lymphocytes (CTLs),59,60,75 dendritic cells (DCs),23,59,60,75 nat-

ural killer (NK) cells,21 and macrophages.61

In pancreatic ductal adenocarcinoma (PDAC), cultures of pri-

mary human PDAC organoids with matched peripheral blood

mononuclear cells (PBMCs) have shown promise. Flow cytome-

try analysis of such cultures indicates significant changes in

T cell subtypes, correlating with improved patient outcomes.

This model is particularly effective for exploring personalized

therapeutic strategies in PDAC.58 For epithelial cancers, autolo-

gous tumor organoids cultured with lymphocytes can enrich for

tumor-reactive T cells that attack the PDOs but not organoids

derived from normal tissue. This method is vital for assessing

the responsiveness of tumor cells to T cell-mediated reactivity,

especially in mismatch repair-deficient colorectal cancer (CRC)

and non-small cell lung cancer.22

The culture of gastric cancer organoids with autologous bone

marrow-derived DCs and spleen-derived CTL cells sheds light

on programmed cell death ligand 1(PD-L1)/programmed cell

death protein 1 (PD-1) interactions in gastric cancer.75 In human

PDAC and gastric cancer, co-cultures with DCs and CTLs,

optionally with myeloid-derived suppressor cells, offer insights

into enhancing CTL effector function and targeting PD-L1-ex-

pressing cancer cells.59,60

Metastasis, particularly in breast and CRC, is another critical

area of investigation. Novel 3D models using NK cells and tumor

organoids have been developed to mimic the interactions be-

tween these cells, providing insights into metastatic biology

and potential therapeutic targets. This approach is particularly

useful for studying NK cell cytotoxicity against metastatic breast

cancer cells.21 In CRC, the interaction between DCs and

metastatic tumor cells in a 3D co-culture system has been

pivotal in understanding the CRC TME. This model has revealed

how CRC organoids influence the behavior, phenotype, and

function of monocyte-derived DCs, thereby offering new per-

spectives on CRC-driven DC dysfunction and potential thera-

peutic interventions.23

A recent study in pancreatic adenocarcinoma (PAAD) has

leveraged PDOs cultured with macrophages to unravel the

mechanisms behind gemcitabine resistance. This research high-

lights the potential of targeting the macrophage-CCL5-Sp1-

AREG feedback loop, enhancing the efficacy of treatments for

PAAD.61

Another study explored the feasibility of creating combined

lymph node/melanoma organoids for personalized immuno-

therapy screening. Using primary melanoma and lymph node bi-

opsies from the same patient, Votanopoulos and colleagues

developed 3D ‘‘immune-enhanced’’ tumor organoids, maintain-

ing tumor heterogeneity and immune components. The organo-

ids, tested with various immunotherapies, demonstrated a high

success rate in mimicking clinical responses and were used to

activate patient-matched peripheral blood T cells for effective tu-

mor cell killing, highlighting their potential in studying personal-

ized immunotherapy responses.53

A bioprinting model featuring gastric cancer PDOs and tumor-

infiltrating lymphocytes (TILs) was reported to investigate the dy-

namics of the immune response against tumors. Themodel, using

amix of alginate, gelatin, andbasalmembrane, enabled the inves-

tigation of TILmigratory patterns and their interactionswith PDOs,



Table 1. PDOs and their applications

Cancer type Source Biological analysis Applications Reference

Bladder resected tumor IHC, RNA-seq, whole-exome

sequencing, mutation and

phylogeny analysis

xenograft, drug

response assay

Lee et al.15

mouse and human

tumor tissues

IF, RNA-seq, mutation analysis xenograft, drug-

response assay

Mullenders et al.16

Brain resected tumor IHC, mutation analysis,

RNA-seq, methylation assay,

hypoxia detection

biobanking, drug testing,

xenografts, CAR-T

efficiency testing

Jacob et al.17

resected tumor IF, IHC xenograft Hubert et al.18

Breast resected tumor RNA-seq, somatic

mutation, IF, IHC

xenotransplantation,

drug screening

Hubert et al.19

resected tumor IHC, RNA-seq, whole-

exome sequencing, WB

clinical outcome

evaluation, drug

response

Chen et al.20

Breast cancer

(metastatic)

musculus with mouse

mammary tumors and

human breast tumors

cytotoxicity study NK-organoid co-culture,

biological research

Chan and Ewald21

Colon surgically resected or needle

biopsy-obtained samples

FC, IHC, WGS organoid-lymphocyte

co-culture to generate

functional T cells

Dijkstra et al.22

resected tumor IF, FC dendritic cell-organoid

co-culture for tumor

modeling

Subtil et al.23

fresh tumor biopsy

specimens

cytotoxicity, IHC biological research,

chemoradiotherapy

treatment

Kong et al.24

human normal and

tumor tissues

killing assay, IHC organoid-PBMC

co-culture

Harter et al.s25

resected tumor gene expression

microarray, WGS

xenotransplantation Fujii et al.26

resected tumor DNA-seq biological research Weeber et al.27

Resected tumor whole-exome analysis,

RNA-seq, IF

organoid-stroma

biobanking,

xenotransplantation,

co-culture, drug testing

and screening

Farin et al.28

Biopsy samples RNA-seq, IF, IHC biobanking, drug

screening

Luo et al.29

resected tumor viability assay, mutational

profile, IHC, migration

assay, RNA-seq

fibroblast-organoid

co-culture, drug

treatment

Atanasova et al.30

(Continued on next page)

M
e
d
5
,
1
3
5
1
–
1
3
7
7
,
N
o
v
e
m
b
e
r
8
,
2
0
2
4

1
3
5
3

R
e
v
ie
w

ll
O
P
E
N

A
C
C
E
S
S



Table 1. Continued

Cancer type Source Biological analysis Applications Reference

resected tumor targeted sequencing,

viability

fibroblast-organoid

co-culture

Naruse et al.31

resected tumor viability drug treatment Pinho et al.32

resected tumor FC co-culture, drug treatment Chen et al.33

resected tumor mass spectrometry assessing patient-specific

organoid proteome profile

Cristobal et al.34

resected tumor DNA-seq clinical outcome

evaluation, drug screening

Ooft et al.35

resected tumor viability assay, live

imaging, FC

biomarker discovery,

drug screening, xenograft

Verissimo et al.36

CRC liver metastasis resected tumor IHC, RNA-seq, and whole-

exome and single-cell

sequencing

drug testing Mo et al.13

Head and neck resected tumor whole-exosome

sequencing, IF, IHC

biobanking, drug and

radiotherapy evolution,

clinical correlation

Milen et al.37

resected tumor RNA-seq, HSV infection

and quantification, NGS,

IF, IHC

drug screening, radiation

and chemoradiation

treatment, xenotransplantation

Driehuis et al.38

resected tumor cell viability assay development for

drug screening

Driehuis et al.39

resected tumor IF, IHC co-culture, biological

research

Zhao et al.40

Kidney resected tumor bulk RNA-seq, whole-

genome and single-cell

sequencing, FC, IHC

drug screening Calandrini et al.41

resected tumor RNA-seq, DNA mutation

analysis, statistical analysis,

and short tandem repeat

evaluation, IF, IHC

biological research,

personalized therapy

Grassi et al.42

resected tumor RNA-seq, IHC, IF drug treatment Esser et al.43

Liver human normal and

tumor tissues

whole-genome sequencing,

RNA-seq, IHC and ISH, WB

xenotransplantation,

drug screening

Broutier et al.44

PDX live imaging, RNA-seq co-culture for tumor

modeling

Lim et al.45

resected tumor IHC, RNA-seq, whole-genome

and single-cell sequencing,

HLA typing, co-IP and mass

spectrometry, killing assay

immunogenic peptide

incubation

Wang et al.46
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Table 1. Continued

Cancer type Source Biological analysis Applications Reference

resected tumor single-cell sequencing, IHC,

whole-genome sequencing,

somatic mutation calling

biomarker discovery,

drug screening

Zhao et al.47

Lung resected tumor whole-exome and TCR

sequencing, FC, IHC

co-culture, neoadjuvant

immunotherapy testing

Chalabi et al.48

human normal and

tumor tissues

RNA-seq, whole genome

and hotspot sequencing,

IHC, IF, functional organoid

swelling assay, multiplex

immunoassays

xenograft, drug screening,

ALI cultures, neutrophil

co-culture

Sachs et al.49

human normal and

tumor tissues

whole-genome sequencing,

RNA-seq, ATAC-seq, IHC

and ISH, capillary-based

immunoassay

xenotransplantation,

drug testing

Ebisudani et al.50

biopsy samples cell death drug testing Shin et al.51

resected tumor from

patients and mice

FC, IF, time-lapse imaging,

RNA-seq, IHC

immunotherapy testing Jenkins et al.52

Melanoma tissue biospecimens IF, IHC, viability drug studies, adaptive

immunity pilot study

Votanopoulos et al.53

Nasopharyngeal resected tumor IF, IHC, ISH biobanking, biological

research

Wang et al.54

Neuroendocrine resected tumor IHC, microarray, ATAC-seq,

RNA-seq, whole-genome and

whole-exome sequencing,

mutation analysis, capillary-

based immunoassay

xenograft, drug testing Kawasaki et al.55

Ovary resected tumor IHC, RNA-seq, methylation

and WGS

dose screening, xenograft Kopper et al.56

resected tumor IHC, whole-exome

sequencing

dose-response curves Hill et al.57

Pancreas resected tumor FC PBMC-organoid co-culture,

biological research

Knoblauch et al.58

resected tumor from

patients and mice

IHC, IF, FC immune cell-organoid

co-culture, biological

research

Holokai et al.59

biopsy sample IF, FC immune cell-organoid

co-culture

Chakrabarti et al.60

resected tumor FC, WB, IF cell viability, ELISA,

single-cell RNA-seq, cytokine

antibody array

macrophage-organoid

co-culture

Jiang et al.61
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Table 1. Continued

Cancer type Source Biological analysis Applications Reference

mouse tumor and human

pancreatic cancer

tissue sample

FC, IHC, IF, hypoxia assay,

RNA-seq, RT-qPCR, T cell

cytotoxicity assay

T cell-organoid

co-culture,

immunotherapy testing

Zhou et al.62

human normal and

tumor tissues

WGS and pharmacotranscriptomic

analysis

biomarker discovery,

biological research,

drug testing

Tiriac et al.63

human and murine surgical

or biopsy-obtained sample

RNA-seq, proteomic analysis transplantation, tumor

modeling, biological

research

Boj et al.64

resected tumor IHC, ISH, whole-exome

sequencing, methylation,

microarray analysis

CAF-organoid co-culture,

xenotransplantation,

biological research

Seino et al.65

fresh resected and

cryopreserved tumor

DNA fingerprinting, IHC,

targeted DNA-seq

biobanking, biological research Beato et al.66

resected tumor IHC, single-cell sequencing, FC fibroblast-organoid

co-culture, drug

treatment

Kinny-Köster et al.67

resected tumor IF, single-cell sequencing fibroblast-organoid

co-culture, drug

screening

Schuth et al.68

resected tumor IHC fibroblast-organoid

co-culture, tumor

modeling

Tsai et al.69

resected tumor and PDX IHC, whole exome sequencing,

RNA-seq, mutation signature, WB

PDX, drug screening Hirt et al.70

resected tumor whole-exome sequencing biomarker discovery,

pharmacotyping

Seppälä et al.71

Prostate resected tumor IHC, RNA-seq, whole-exome

sequencing, methylation,

viability and proliferation

tumor modeling,

biological research,

xenotransplantation

Gao et al.72

PDX and patient-

derived samples

IF, RNA-seq, and whole-

exome sequencing

biobanking, dose-

response assays

Beshiri et al.73

Rectum biopsy samples whole-exome sequencing, IF, IHC irradiation and drug testing Yao et al.74

Stomach mouse tumor biopsy tissue FC, live imaging, tunnel assay organoid-immune cell

co-culture, biological

research

Chakrabarti et al.75

resected tumor whole-genome sequencing,

RNA-seq, DNA mutation

analysis, IHC, ISH, and viability

biobanking, biological

research, drug screening

Yan et al.76

resected tumor whole-genome sequencing,

RNA-seq, DNA mutation analysis,

IHC, ISH, FRET, capillary-based

immunoassay, FC

biological research, xenograft Nanki et al.77
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Table 1. Continued

Cancer type Source Biological analysis Applications Reference

Upper tract urothelial carcinoma resected tumor IHC, RNA-seq, and whole-

exome and single-cell

sequencing

drug screening Li et al.78

Mixed (colon and rectum) resected tumor WGS, viability assays biobanking, drug screening Van de Wetering et al.79

Mixed (colon and duodenum) human biopsies and

animal necropsies

mass spectrometry, drug

metabolizing enzyme

activity and bidirectional

transport studies

toxicity screening Kourula et al.80

Mixed (colon and pancreas) needle core biopsy bulk RNA-seq, IF drug treatment Choi et al.81

Mixed (colon and esophagus) mouse and human

intestinal fragments,

surgically resected

intestinal tissues or

endoscopic biopsies

IF, IHC biological research Sato et al.82

Mixed (lung, melanoma,

kidney, bladder)

resected tumor from

patients and mice

targeted panel and exome

sequencing, mutation analysis,

IHC, IF, cytotoxicity, single-

cell sequencing

xenotransplantation, drug tr ment Neal et al.83

CAR-T, chimeric antigen receptor T cell; co-IP, co-immunoprecipitation; FC, flow cytometry; FRET, fluorescence resonance energy transfer, HSV, her s simplex virus; IF, immunofluorescence;

IHC, immunohistochemistry; ISH, in situ hybridization; PDX, patient-derived xenograft; WB, western blot.
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Figure 1. From PDOs to personalized treatment

An overview of PDOs in tailoring personalized cancer research. Topics covered include microenvironment modeling, OoC, gene editing, molecular profiling,

ex vivo preclinical modeling, drug screening, biomarker discovery, and biobanking. Created with BioRender.com.
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offering new insights into TIL activation, degranulation, and pro-

teolytic activity, as well as to uncover specific stimuli to differen-

tiate between passive and active cell migration mechanisms.92

Upon culturing rectal cancer PDOswith patient-matched TILs,

checkpoint receptor blockade with anti-PD-1 antibody was eval-

uated by measuring cytotoxicity. With exposure to anti-PD-1

antibody, a partial restoration of TIL cytotoxicity was observed.24

Harter et al. designed a model of PDOs from intestinal tumor

cells cultured together with immune cells to investigate on-target

off-tumor toxicities using T cell-engaging bispecific antibodies.

They observed that antibodies targeting epithelial cell adhesion

molecules resulted in apoptosis in healthy organoids, whereas

tumor organoids were more resistant to apoptosis.25 Zhou

et al. developed organoids containing a mix of tumor epithelial

cells, ECs, fibroblasts, and macrophages to study T cell reac-

tivity. They observed that treatment with the histone deacetylase

inhibitor ITF2357 and the BET bromodomain inhibitor I-BET151,

together with anti-PD-1 antibodies, led to an upregulation of

major histocompatibility complex class I (MHC class I)-related

antigen presentation in tumor cells, thereby improving T cell

cytotoxicity.62 Neo et al. reported that the presence of NK cells

can influence the migration of uveal melanoma cells into liver or-

ganoids.93 Immune cells such as microglia can represent a large

proportion of the tumor tissue and are known to play a major role

in the progression of glioblastoma.94

These examples highlight that organoid 3D co-cultures pro-

vide an avenue to study the crosstalk between immune cells
1358 Med 5, 1351–1377, November 8, 2024
and cancer cells. These models might be crucial to develop

new immune checkpoint inhibitor and adaptive cell therapy mo-

dalities for cancer treatment. The challenge will be to accurately

mimic the conditions immune cells face in the TME—for

example, the hypoxic conditions present in many solid tumors

that might hinder an immune response—but new technological

developments discussed in this review might prove valuable in

this endeavor.

In summary, the use of cancer organoid co-culture models

marks a significant advancement in cancer research. By closely

replicating the TME and facilitating the study of intricate cellular

interactions, these models are instrumental in developing im-

mune-related, targeted, patient-specific cancer therapies and

enhancing our understanding of cancer biology.

Culture with cancer-associated fibroblasts
Solid tumors are infiltrated by a diverse and adaptable popula-

tion of cancer-associated fibroblasts (CAFs), which have been

shown to accelerate tumor progression and treatment resistance

through various mechanisms. These mechanisms include pro-

moting neoangiogenesis, creating dense stromal reactions that

interfere with drug and immune cell infiltration, and directly inhib-

iting immune effector cells.95 Recent studies have significantly

advanced our understanding of the interactions between CAFs

and PDOs, revealing their crucial role in modulating the behavior

of PDOs across various cancers. CAFs achieve this, for instance,

by facilitating tumor stem cell formation within PDOs,40 by

http://BioRender.com


Figure 2. Three-dimensional modeling of the TME in PDO cultures
Illustration of two methodologies for in vitro modeling of the TME. (Top) Reconstituting TME that involves cultures of tumor cell suspensions in an ECM (e.g.,

Matrigel) to establish PDOs, typically tumor epithelial PDOs. Immune cells, CAFs, and ECs from various sources are isolated and can be used in cultures with

PDOs. (Bottom) Maintaining intrinsic TME employs microfluidic cultures of tumor spheroids and ALI culture of tumor fragments to mimic the TME. Created with

BioRender.com.
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stimulating PDO proliferation,30,31,68 by stabilizing the expres-

sion of tumor genes in PDOs,31 by inducing inflammation,67

and by potentially increasing the drug resistance of PDOs.68,96

In oral squamous cell carcinoma, culture with CAFs enhances

the organoid-forming ability of cancer stem cells, indicating a

pro-tumoral activity of CAFs.40 Similarly, in CRC, culture of

primary fibroblasts with tumor cells revealed that both cancer-

associated and normal fibroblasts support cancer cell prolifera-

tion and increases cellular heterogeneity in 3D organoids,

closely mimicking the in vivo tumor morphology. This study

also highlighted the mutual crosstalk between tumor cells and fi-

broblasts, with significant deregulation in pathways linked to

cell-cell communication and ECM remodeling, and identified

Thrombospondin-1 as a key factor in fibroblast invasiveness.30

CAFs can also restore the expression of certain genes downre-

gulated in CRC organoids, particularly those related to immune

response and external stimuli, such as the REG family and dual
oxidases. These genes are known to contribute to malignant

functions, leading to proliferative, anti-apoptotic, and drug-

resistant phenotypes in tumor cells, indicating that culture sys-

tems based on PDOs together with CAFs can effectively mimic

aspects of the TME.31

In PDAC, PDO-CAF cultures revealed an enhanced epithelial

inflammatory response and expression of MHC class II genes.67

Additionally, these co-cultures demonstrated the ability of ma-

trix-activated CAFs to re-engineer the stiffness of the fibrotic

environment through lysyl-oxidase-dependent crosslinking.

This model also revealed that CAF cultures increase exosome

production, which contributes to chemoresistance, and showed

that inhibiting exosome hypersecretion can reduce chemoresist-

ance, emphasizing the potential of the model in developing

therapies targeting the biophysical aspects of tumor growth

and chemoresistance.96 Moreover, these co-cultures have

been instrumental in revealing an increased PDAC organoid
Med 5, 1351–1377, November 8, 2024 1359
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proliferation, the induction of a pro-inflammatory phenotype in

CAFs, and the upregulation of epithelial-to-mesenchymal transi-

tion genes, thereby further emphasizing the crucial role of CAFs

in PDAC progression and chemoresistance.68

Another study successfully created complex organotypic

models integrating tumor, stromal, and immune components;

providing valuable insights into tumor-stroma and tumor-im-

mune interactions; and assessing immunotherapeutics.69 These

findings collectively emphasize the critical role of CAFs in the

TME across various cancers and highlight the potential of

PDO-CAF co-culture systems as powerful tools for understand-

ing cancer biology and developing effective treatments.

Culture with ECs
Tumor cells recruit ECs by secreting angiogenic factors, forming

numerous irregular and fragile new blood vessels that supply ox-

ygen and nutrients essential for tumor growth.97–99 Targeting

angiogenesis is a crucial aspect of cancer therapy.100 Conse-

quently, incorporating ECs into epithelial-immune cell co-cul-

tures aids in the study of angiogenesis signaling, with the objec-

tive of developing novel angiogenesis-related treatments.

Currently, there are few reports on tumor organoids and ECs,

indicating a need for further research in this area. One study es-

tablished co-culture models using a hydrogel system to mimic

and study the angiocrine interactions between hepatocellular

carcinoma organoids and ECs. These models showed that cul-

ture of patient-derived xenograft (PDX) organoids with ECs led

to an inflammatory microenvironment, characterized by the up-

regulation of MCP-1, IL-8, and CXCL16. Furthermore, macro-

phages have been integrated into this co-culture system, with

these cells showing polarization toward a pro-inflammatory

and pro-angiogenic phenotype.

These findings indicate that co-culture models involving ECs

and organoids may be pivotal in understanding and targeting

the complex interplay between angiogenesis and the immune

environment.45 However, a major challenge is to mimic proper

vascularized systems in ex vivo organoid cultures, but coupling

new 3D culturing technologies such as ALI, microfluidics, OoC,

and bioprinting techniques might circumvent such limitations.

ALI cultures
The ALI method involves embedding primary tissue fragments

containing tumor and immune components in the ECM and

then placing them into ECM-coated transwell culture dishes.

This technique not only supports cells with a 3D matrix but it

also ensures adequate oxygen supply due to the top exposure

to air of the matrix. PDOs from various cancers, including colon,

lung, and renal cancers, have been shown to maintain immune

cells and fibroblasts within the tumor during 1–2 months of ALI

in vitro culture.33,43,83 ALI PDOs derived from non-small cell

lung cancer, melanoma, renal cell carcinoma (RCC), and bladder

cancer have been found to contain functional TILs. These TILs

preserved the original tumor T cell receptor (TCR) repertoire

and demonstrated the capacity to induce tumor cytotoxicity.

Furthermore, they responded effectively to immune checkpoint

blockade (ICB) therapies specifically targeting PD-1 or PD-L1

pathways.83 By preserving the TME and immune cell interac-

tions, potential future directions for translational applications of
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ALI PDOs include precision medicine approaches to optimize

ICB therapies for various cancer types.

Microfluidic cultures of patient-derived organotypic
tumor spheroids
The microfluidic culture of patient-derived organotypic tumor

spheroids (PDOTs) involves culturing minced tumor tissues in a

low-attachment plate to form spheroids, which are then cultured

in a microfluidic device filled with collagen gel and medium. The

device precisely controls the flow and concentration of the gel

and medium through microchannels, ensuring a stable and dy-

namic environment for the spheroids. PDOs cultured inmicroflui-

dic devices successfully retain tumor cells along with endoge-

nous immune cells, such as lymphocytes and myeloid cells.

This technique has been used for the culture of melanoma, Mer-

kel cell, head and neck, thyroid, lung, colon, and pancreatic can-

cer PDOs.32,52,101 Jenkins et al. identified various lymphoid and

myeloid populations in PDOTs that were derived from various

cancer types. They found immune cells among epithelial cell

adhesion molecule-positive tumor cells and observed dynamic

cellular interactions.52 Microfluidic cultures aid in developing

more effective and personalized immunotherapies, enhancing

the precision of high-throughput drug screening platforms, and

advancing the understanding of tumor-stroma cell interactions

to improve treatment strategies for various cancers.

OoC

OoC systems integrate multiple scientific disciplines to create

sophisticated simulations of human physiology, and they repre-

sent an advanced approach compared to simpler tumor orga-

noid/spheroid microfluidic cultures. The development of OoC

technologies integrates cell biology, microfluidics, tissue engi-

neering, biomaterial research, and microfabrication, thereby

providing an ideal platform for simulating tumor physiology.102

In comparison to traditional diseasemodels, OoC platforms offer

several significant advantages, the paramount being their ability

to manipulate cellular and tissue environments, biomechanical,

and biochemical forces to simulate human physiological re-

sponses. Additionally, vascularization and tissue perfusion offer

the ability to supply nutrients and fluid flow. Ultimately, real-time

sensors can be integrated to monitor the conditions and activ-

ities of cells.103–105

Leveraging OoC platform technologies facilitates the estab-

lishment of physiologically accurate in vitro 3D disease models,

enabling the precise replication of the intricate pathological pro-

cesses within the human body. Various tumor organ models, en-

compassing multiple cell types and structures resembling pri-

mary tumors, have been established, including glioblastoma,

breast, lung, colorectal and pancreatic cancers.106–112 For neu-

roblastoma studies, multiple cell types were combined with

gelatin-methacrylate/fibrin to simulate the TME. Human neuro-

blastoma spheroids and human umbilical vein ECswere cultured

with gelatin-methacrylate, allowing close contact between the

two cell types. This setup directly reflected the interaction be-

tween tumor cells and blood vessels, successfully constructing

a microvascular neuroblastoma tumor environment chip

model.113 In breast cancer research, various organ chips have
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been developed. For instance, one chip contains two cell com-

partments, with breast cancer microtissue or normal matrix

microtissue inoculated in each compartment, reshaping the

extracellular tumor matrix to develop a breast cancer model.

Another example is a 3D-based tubular chipmodel used to study

the process of breast cancer cells transferring to bone. This

model consists of gel channels containing bone differentiation,

with human bone marrow-derived mesenchymal stem cells

seeded in the matrix gel to form bone channels and ECs seeded

in the central medium channel. Breast cancer cells are then intro-

duced into this central channel. Since many anti-breast cancer

drugs are metabolized through the liver, investigators developed

a microarray chip to co-culture liver microtissues and breast tu-

mor cells. Hepatocytes and ECs were seeded in the wells of the

liver chip. The breast cancer cell chip was designed with a cross-

shaped protruding structure, allowing breast cancer cells to

directly contact cells in the liver chip. This chip provides a plat-

form for in vitro drug screening, enabling researchers to study

the interactions between liver metabolism and breast cancer

drug efficacy.106

OoC has applications across diverse realms of oncological

research, elucidating phenomena such as cancer cell migration

and invasion, extracellular signal transduction, biophysical fac-

tors within the TME, mechanisms of resistance to chemotherapy

and immunotherapy, and tumor heterogeneity. In addition to un-

veiling potential biological signals and interactions, OoC plat-

forms are instrumental in investigating the contributions of

biomechanical factors to tumor progression and therapeutic

resistance, such as mechanical forces during respiration, inter-

stitial flow, oxygen gradients, and shear stress during cancer

cell invasion.114–116 PDAC develops rapidly during its asymp-

tomatic stage and creates an immunosuppressive TME, making

immunotherapy impractical. To understand the key cellular inter-

play contributing to PDAC immunosuppressive TME, a 3D tumor

model of PDACwas constructed, composed primarily of pancre-

atic stellate cells, endothelial ducts, and PDAC organoids.107 To

recapitulate cancer growth patterns and treatment responses at

the organ level in lung cancer patients, a study injected human

non-small cell lung cancer cell lines into primary alveolar and

small airway organ chips. This model successfully mimicked

the unique behavior of non-small cell lung cancer within its

microenvironment.108 Similarly, a colonic intestinal chip has

been developed as a physiological model to mimic the human

colonic epithelial-endothelial interface. Colon epithelial cells

from patients are cultured in the top channel of this chip, with

microvascular ECs cultured in the bottom channel. This chip

serves as a valuable tool for analyzing the role of the colonic mu-

cous layer in cancer.109

Due to the complexity and heterogeneity of tumors, there is a

significant inter-patient variability when it comes to drug re-

sponses, requiring accurate assessment of individual patient

treatment outcomes and the formulation of tailored anticancer

therapeutic strategies.117 OoC technologies address this poten-

tial shortcoming by integrating primary cells or organoids

sourced from both healthy donors and patients, enabling the

reconstruction of genetic and histological characteristics of the

original tumor. For example, a microphysiological system was

developed that combined self-assembled perfusion microves-
sels with 3D tumor spheroids. Patient-derived lung adenocarci-

noma cells (A549) and ECs (human umbilical vein ECs) were

assembled into multicellular spheroids to mimic solid lung tu-

mors. These composite cancer spheroids were then injected

into a microphysiological system embedded within an ECM hy-

drogel scaffold containing ECs and lung fibroblasts to success-

fully develop a 3D organotypic model of vascularized human

lung adenocarcinoma. This model serves as a valuable platform

for drug screening, enabling the evaluation of anticancer drug

delivery in blood vessels, assessment of tumor-killing effects,

and examination of vascular toxicity.118 In a study of RCC, re-

searchers developed a 3D human RCC chip. This innovative

model integrates primary clear cell RCC (ccRCC) cells with

human ECs, forming a ccRCC-on-chip system. Over time,

the model demonstrated significant tumor angiogenesis charac-

teristics, providing a promising platform for personalized

drug selection.119 This facilitates the assessment of patient-spe-

cific drug responses within organotypic human pathological

environments.

The high-throughput characteristics of microfluidic chip organ

models provide opportunities for large-scale drug screening,

enabling the rapid, cost-effective identification of suitable drug

combination regimens and the development of more personal-

ized treatment modalities.118,120,121 Using 3D bioprinting tech-

nology, researchers have developed patient-specific glioblas-

toma chips to replicate the in vivo structure of glioblastoma.

This method involves printing tumor cells from cancer patients,

along with vascular ECs and ECM from porcine brain tissue, to

form a concentric-ring structure of cancer-stroma cells. The re-

sulting glioblastoma chip reproduced key characteristics of the

original glioblastoma microenvironment. Subsequently, the

chip was used to simulate differential clinical treatment re-

sponses among patients with variations in drug resistance.

Drug combinations were tested on the chip to evaluate their ef-

fects on specific patients, thereby determining optimal treatment

plans based on drug efficacy assessments.110 To achieve rapid

anti-cancer drug susceptibility testing, another group combined

amicrofluidic chipwith tumor organoids to develop an integrated

superhydrophobic microwell array chip (InSMAR-chip). The re-

searchers improved the processing method for tumor samples,

using mechanical processing to extract a large number of lung

cancer organoids from tumor tissue. These organoids were

then integrated into the InSMAR-chip, enabling the completion

of drug response tests within 1 week. This innovation signifi-

cantly enhances the efficiency and speed of predicting person-

alized anti-cancer drug efficacy for patients with cancer.120

Furthermore, OoC platforms can be applied to evaluate drug ab-

sorption, distribution, metabolism, and excretion, as well as the

toxicity of chemotherapy, immunotherapeutic agents, or radia-

tion therapy.122,123 Consequently, the application of the OoC

technology in the field of oncology opens new frontiers in cancer

research and treatment, offering robust support for the realiza-

tion of personalized medicine.

EX VIVO PRECLINICAL MODELING

Pre-clinical models include 2D tumor cell cultures encompassing

both primary patient-derived cells (PDCs) and immortalized cell
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lines, mouse models that cover genetically engineered mouse

models and PDXs, and organoid models. The pros and cons of

these models have been comprehensively summarized in

various reviews.14,124

In simple terms, tumor cell monolayers or single-cell suspen-

sions extensively utilized in cancer research are cultured in

appropriate growth media. However, they inadequately repre-

sent primary tumors, fail to exhibit the cellular heterogeneity

within tumors, and lack a complex TME. Animal models play a

crucial role in pre-clinical cancer research. Tumors in mice can

be induced through genetic manipulation such as gene knock-

outs or by transplanting patient-derived tumors into immunode-

ficient mice for culture. These processes require significant time

and resources, and most discoveries fail to translate in human

clinical trials.125

To overcome these hurdles, organoid models can serve as

valuable tools by offering potent and scalable capabilities that

can be used in a high-throughput format in basic and transla-

tional research, thereby accelerating the processes of disease

treatment and new drug development. As an example, Kim

et al. conducted RNA sequencing (RNA-seq) on PDCs and

PDOs, extracted from various regions of a single CRC tumor,

revealing that although 2D cultured PDCs maintained a moder-

ate subregional heterogeneity, the 3D cultured PDOs more pre-

cisely mirrored the original consensus molecular subtype of the

tumor.12

Typically, there are two approaches to constructing preclinical

organoid models. One method, applicable to gene-related dis-

eases, involves gene editing or creating organoid models that

carry specific gene mutations, which is discussed in the next

section. The other method entails inducing disease models

through external stimuli, such as exposing organoid models to

drugs, toxins, or disease-related proteins, to mimic clinical dis-

ease states. Organoid models can be constructed in response

to various stimuli, such as inducing fatty liver disease with

high-fat diets126,127; colitis with dextran sodium sulfate128; and

creating models for respiratory, intestinal, vascular, and brain in-

fections with COVID-19.129–131 These models play a crucial role

in the study of disease progression and treatment.

Organoid models usually contain only a subset of cell types

and struggle to fully replicate the actual physiological environ-

ment found in vivo. Vascularization, multi-organ collaboration,

and co-culture with other cells, particularly immune cells, are

areas of ongoing exploration and research in the development

of organoid models. Currently, efforts to better simulate the

microenvironment of physiological states include the continuous

optimization of the vascularization of various organoid models,

such as those of the heart, kidneys, liver, and brain. As research

progresses, these models are expected to be further refined for

basic mechanistic studies and drug screening.132

In summary, as preclinical models, organoids hold potential

for clinical application. They enhance the efficiency and preci-

sion of drug screening and reduce reliance on animal testing,

thereby better simulating physiological responses within the hu-

man body. Since ex vivo PDOs retain their exact in vivo charac-

teristics for only a limited time in culture, the challenge relies on

making these culture systems more rapid and robust to achieve

the clinical translatability of potential findings. This can be
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achieved by combining modern bioprinting, OoC, microfluidics,

and gene-editing approaches.

GENE EDITING IN 3D ORGANOIDS

Generally, organoid models originate from induced PSCs

(iPSCs) or ASCs. The development of disease-specific organo-

ids due to gene mutations can take place at either the iPSC or

the ASC level. Gene editing at the ASC level is particularly prev-

alent in tumor organoids. The transformation of wild-type (WT)

organoids into tumor organoids via gene editing enables

research into oncogene discovery, tumor genomic evolution,

cancer stem cells, and oncogenic pathogens. Direct construc-

tion of organoids from cancer patient samples aids in studying

the TME, drug screening, growth factors, and tumor heterogene-

ity.6 This model addresses the heterogeneity in cancer causes

and treatment responses seen in cancer patients.

Expanding beyond traditional organoids that have been exten-

sively studied, such as those for the intestines, stomach, liver,

and kidneys.133–135 Hendriks and colleagues derived human

brain organoids directly from human fetal brain tissue. They

introduced TP53 mutations into a minority of the cells in these

fetal brain organoids using CRISPR-Cas9 technology. Within

3 months, cells harboring TP53 gene defects had completely re-

placed the healthy cells in the organoid. To further investigate the

link between brain tumors and gene mutations, the team utilized

CRISPR-Cas9 to knock out three genes commonly mutated or

inactivated in glioblastoma—TP53, PTEN, and NF1—observing

the response of the model to existing tumor drugs.136

Currently, the majority of ASCs that are differentiated in vitro

into organoids are epithelial cells with stem-like properties.

Normal epithelial cells can be subjected to CRISPR gene editing

to introduce oncogenic mutations or knock out key tumor sup-

pressors. This process enables the in vitro simulation of cancer

development, detailed carcinogenic mechanisms, and tumor

genomic evolution. Comprehensive reviews have effectively

summarized pre-2020 gene editing in organoids,6,14 such as

the impact of mutations in APC, KRAS, SMAD4, TP53, BRAF,

and others on tumor development in organoid models. Notably,

as human neurons are challenging to regenerate and obtain, it

is possible to introduce oncogenic mutations into iPSCs or hu-

man embryonic stem cells (hESCs) to differentiate them into

neoplastic brain organoids.137–139

Accordingly, PDOs offer a platform for cancer gene discovery

and drug screening through gene-editing technology.140 Drost

et al. demonstrated that a deficiency in MLH1 causes CRC in or-

ganoids derived from human intestinal stem cells. This work was

the first to use gene-editing technology on organoids for the

screening of cancer genes.141 A novel tumor-suppressor gene,

BAP1, was discovered in CRISPR-Cas9-engineered liver orga-

noids.142 By enhancing the mutagenic capacity of CRISPR-

Cas9 across the whole genome, screenings were performed

on intestinal organoids comparing healthy and APC�/� organo-

ids, identifying associations between Wnt and TGFb signaling

pathways.143 Hirt et al. established PDAC organoids, reporting

that missense mutations in ARID1A increase PDAC sensitivity

to dasatinib and VE-821, among 1,172 drugs.70 CRISPR-medi-

ated introduction of multiple gene combinations has also helped



Figure 3. Gene editing in engineering PDOs for modeling tumor development and discovering cancer genes

Normal epithelial cells or organoids are amenable to CRISPR gene editing for the introduction of oncogenic mutations or the knockout of key tumor suppressors,

such as APC, KRAS, SMAD4, TP53, and BRAF. Oncogenic mutations can be introduced into iPSCs or hESCs, differentiating them into neoplastic brain orga-

noids. These methodologies enable the in vitro simulation of cancer development and the genomic evolution of tumors. CRISPR screening enables PDOs to

provide a platform for the discovery of cancer genes and the screening of drugs through gene-editing technology. Created with BioRender.com.
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address the plasticity of CRC stem cells after organoid trans-

plantation in mice. By inserting inducible Cre into the LGR5 locus

and introducing amulticolored Cre reporter gene, lineage tracing

experiments on LGR5+ tumor cells have been performed.144,145

Evidently, these preliminary studies demonstrate the impact of

CRISPR screening in organoid research, suggesting that its

application in organoid research will evolve rapidly. PDOs also

provide platforms for developing the next generation of gene-ed-

iting therapies. For instance, using intestinal organoids from pa-

tients with DGAT1 deficiency, prime editing has shown greater

precision than Cas9-mediated homology-directed repair. Prime

editing, a versatile and precise gene-editing strategy, has been

validated in intestinal organoids146 (Figure 3).

MOLECULAR AND BIOCHEMICAL PROFILING

Molecular and biochemical profiling using PDOs has emerged as

a pivotal tool to understand the complexities of tumor biology.
Organoids successfully replicate the genetic and pathological

phenotypes of tumors, offering significant insights into tumor

behavior and treatment response.147

A critical advantage of utilizing PDOs for profiling is their abil-

ity to overcome the challenges often encountered when directly

analyzing tumor tissues that are isolated from biopsies or surgi-

cal resections. Such challenges include the detection of DNA,

RNA, proteins, or metabolic features. Typically, tumor cells

may represent only a minor fraction of some patient-derived

samples, leading to a potential contamination of the readout

by signals from non-tumor cells. For instance, the presence of

specific genemutations in tumor cells can be obscured by over-

whelming signals from non-tumor cells. Additionally, the quality

of tumor samples can be compromised due to factors like

necrotic areas common in many tumors or the adverse

effects of prior treatments such as radiation or chemotherapy,

which can significantly impact the accuracy of profiling. PDOs

offer a solution to these issues by enriching tumor cells in
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patient-derived samples, particularly viable ones, during the

in vitro culture process. This enrichment results in a more pro-

nounced presence of tumor-specific DNA mutations, RNA ex-

pressions, and tumor-associated protein expressions, thereby

enhancing the reliability and feasibility of biochemical profiling.

For example, measuring the metabolic status of PDOs be-

comes more viable due to this enrichment.

Notably, sequencing data from PDOs have shown superiority

over standard formalin-fixed paraffin-embedded tissue pathol-

ogy data. For instance, a recent study has demonstrated that

next-generation sequencing (NGS) of PDAC PDOs can detect

patient-specific KRAS or TP53mutations, which were previously

undetected in clinical NGS of primary tumors.148 This highlights

the enhanced sensitivity and specificity of PDO-based profiling.

Further research involving a neuroendocrine neoplasm organoid

library comprising 25 organoid lines was conducted, where

genotypic analysis, including whole-genome sequencing

(WGS), methylome, RNA-seq, assay for transposase accessible

chromatin (ATAC)-seq, and phenotypic analysis, were per-

formed. Compared with normal tissue organoids, PDOs showed

alterations in TP53 and RB1 and upregulation of transcription

factors such as ASCL1, NKX2–5, NEUROD1, POU2F3, thus

effectively correlating genetic alterations with biological pheno-

types. In addition, the study’s findings on growth factor depen-

dency provided valuable insights. Organoids with APC or

CTNNB1 mutations demonstrated growth independence from

Wnt and R-spondin, suggesting the potential ineffectiveness of

WNT pathway inhibition in treating neuroendocrine neoplasms.

Similarly, organoids with mutations in KRAS, BRAF, and NF1,

but not in the epidermal growth factor receptor (EGFR) pathway,

showed EGF-independent growth, potentially explaining the

limited efficacy of EGFR-targeted therapies in neuroendocrine

neoplasm treatment.149

Complementary to genomic studies, proteomic analyses have

also contributed significantly to our understanding of tumor

biology. A combined approach of transcriptomic and proteomic

analyses can further unravel the mechanisms and biological

pathways responsible for variations in protein expression.150

Previous studies in murine organoids have analyzed the proteo-

mic profile of PDAC and breast cancer, establishing correlations

with metabolic pathways.151,152 Recent proteomic analysis

comparing human rectal cancer PDOs with normal organoids

revealed changes in protein levels, with approximately 1%

(78 types) of proteins showing an increase and about 4% (227

types) of proteins showing a decrease in PDOs.34

These studies collectively underscore the immense potential

of PDOs as tools for molecular and biochemical profiling,

providing a more accurate and comprehensive understanding

of tumor biology and paving the way for more effective therapeu-

tic strategies.

DRUG SCREENING

In contrast to typical 2D culture, the presence of a 3D environ-

ment in organoid cultures exposes cells to supplementary me-

chanical stimuli, such as stretching pressures and ECM stiffness

changes.153,154 By mimicking the TME, researchers are able to

evaluate not only the viability of tumors but also their migratory
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and invasive capacities after being exposed to different com-

pounds. This allows for a more exact portrayal of the conditions

that occur in vivo.155 Therefore, organoids and other 3D-based

cell assays provide a more precise representation of biological

references in drug discovery and screening.155,156

The presence of diverse characteristics and variations in can-

cer, both within individual patients and between different types

of cancer, is commonly seen as a significant obstacle in the

development of targeted treatments that are beneficial for

each patient.157 This heterogeneity also accounts for the wide

range of responses to treatment observed among patients,

including both primary and acquired resistance. Hence, the

effective progress of personalized cancer treatments will rely

on our capacity to methodically characterize and simulate dis-

ease heterogeneity.157 Unlike conventional 2D monolayers or

simple 3D spheres, organoids consist of multiple cell types

and more accurately replicate the microarchitecture and me-

chanical properties of the real organ.156,158,159 PDOs preserve

key characteristics of the original tumor, including histology,

biomarker protein expression, and genomic attributes such as

copy-number variations and mutational landscapes.36 Previous

studies on PDOs derived from various organs demonstrated a

noteworthy degree of resemblance between the PDOs and the

original tumors in terms of their physical characteristics and pat-

terns of genetic expression.15,151,160–164 The results gained from

comparing the outcomes of ex vivo experiments employing or-

ganoids with the responses of clinical trials indicate that PDOs

have the ability to accurately replicate the responses of patients.

Hence, the utilization of PDOs in personalized medicine en-

deavors shows potential for their actual implementation.165,166

The potential of PDOs in personalized medicine is increas-

ingly recognized, offering a promising avenue for their prac-

tical application in this field. These organoids are not only

instrumental in clinical applications but they also play a crucial

role in understanding drug-genotype correlations37,167–170

(Figure 4). A recent study demonstrated that PDOs efficiently

evaluate patient-specific drug responses as ex vivo models

in advanced breast cancer, with patients receiving PDO-sensi-

tive treatments experiencing favorable clinical responses.20

Similarly, the study conducted by Chen and colleagues, where

a breast cancer whole-tumor cell culture (WTC) ex vivo model

was established to perform drug profiling of a broad range of

breast cancer therapies. They also performed a validation

study where they mimicked the treatment regimens of 15

different breast cancer patients to their derived WTC model

and found that their ex vivo model predicted clinical responses

to therapy.171

Mo et al. discovered that the in vitro efficacy of PDOs treated

with FOLFOX (folinic acid, fluorouracil, and oxaliplatin) or

FOLFIRI (folinic acid, fluorouracil and irinotecan) correlates

with progression-free survival of patients with colorectal liver

metastasis (CRLM), highlighting the potential of PDOs in predict-

ing the chemotherapy response of CRLM patients in clinical set-

tings.13 Hu et al. highlight the use of PDOs as a model to study

human papillomavirus-related pre-cancerous cervical lesions

and cervical cancer. The application of these PDOs could

aid patients with drug resistance in finding more effective

chemotherapy treatments, thereby enhancing their therapeutic



Figure 4. Applications of organoids and PDOs for drug discovery and precision medicine

Top: organoid models are utilized across various stages of the drug discovery process. Bottom: the focus shifts to PDOs, which are instrumental in developing

tailored therapeutic strategies for individual patients. Through comprehensive -omics profiling and comparisons between patient samples and organoids, these

approaches can facilitate the development of more accurate and personalized treatments. Created with BioRender.com.
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outcomes.172 Wang et al. used PDOs as an in vitro preclinical

model for neoantigen prediction, and through multi-omics anal-

ysis, confirmed that PDOs preserve the neoantigen landscape of

the original hepatobiliary tumors. By adding candidate peptides

with human leukocyte antigen (HLA)-I-matched PBMCs, they

generated reactive T cells, illustrating that PDOs are effective

for the screening and quick validation of neoantigen peptides

in upcoming precision immunotherapy.46

Ooft et al. found that the response of organoids derived

from biopsies of metastatic CRC patients to the irinotecan-

based therapies could be used to predict the responses of

these patients treated with either irinotecan monotherapy or

5-fluorouracil (5-FU)-irinotecan combination therapy.167 Millen

et al. have established a biobank comprising patient-derived

head and neck cancer organoids. These PDOs not only precisely

mirror the treatment responses to adjuvant radiotherapy of the
patients from whom they were derived but they can also be uti-

lized for predicting new biomarkers in drug screening.37

The integration of CRISPR-Cas9 technology with organoid

models has significantly advanced research in oncogenic trans-

formation and tumorigenesis, shedding light on the mechanisms

of drug responses and the influence of genetic alterations.

Another notable development in this area is the establishment

of ‘‘living’’ biobanks comprising PDO cultures.173 These bio-

banks are pivotal in conducting extensive drug testing and iden-

tifying drug sensitivity profiles for distinct patient groups.173–175

However, many challenges remain for the application of PDOs

in drug screening due to limitations in thesemodels and their cul-

ture conditions.176 The current experimental protocols for PDOs

remain relatively complex and challenging to establish routinely

in standard biology laboratories. These challenges include

ensuring representativeness and reproducibility, given the
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significant variations among samples, and culture conditions.

In addition, economic factors and sustainability are paramount

considerations, as the costs for establishing and profiling

PDOs are higher than those for conventional cell cultures. These

aforementioned issues are particularly problematic for high-

throughput drug screening, where the need for cost-effective-

ness and scalability is crucial. Further adaptation and optimiza-

tion of PDO protocols on a high-throughput scale are necessary

to address these issues and enhance the reliability and efficiency

of PDO-based drug screening.

Organoid models are also increasingly being recognized as

valuable tools in later stages of both target-based drug discovery

(TDD) and phenotype drug discovery (PDD).156,177 However,

these models frequently create obstacles when compared to

simpler 2D cultures, such as a decreased throughput, increased

difficulties in maintaining consistency among experiments,

and prolonged time requirements. These challenges add

complexity and increase costs in high-throughput screening ap-

plications.153,156,158,159 Additionally, image-based screening

methods face difficulties in capturing data from 3D cell-based

assays due to the varying structures and sizes of spheres or or-

ganoids, which can hinder precise and comprehensive data

collection. The utilization of organoids is more often applied on

PDD, while their applicability in the initial stages of TDD is less

common. However, recent studies provided a new possibility

of using organoids at other stages of drug development.178

Kourula et al. developed a bidirectional monolayer assay to

enable human intestine-derived organoids to allow studies on

drug disposition, metabolism, and intestinal toxicity.80

Although PDOs maintain a significantly higher degree of het-

erogeneity in comparison to other models, PDOs, which are

formed from a sole region of a tumor, were also found to be inad-

equate in terms of their ability to accurately represent the results

observed in a clinical setting in actual patients.179 Therefore,

collection of tissues from multiple regions (e.g., adjacent

noncancerous tissue and tumor tissue) is required to generate

a profile of the subpopulation that is more precise in terms of

its heterogeneities.161,162 The detailed genetic and epigenetic

profile of patients and matched organoids will provide additional

information and characteristics to evaluate treatment responses.

To date, the predominant methods for assessing the sensitivity

of organoids to compounds have been cell viability assays, which

rely onATPmeasurements.39,180 However, this approach has lim-

itations, as it provides readouts from the global organoid popula-

tion, failing to capture the responses of individual cell subgroups

or provide temporal resolution of drug effects. To address

these challenges, new image-based high-throughput screening

methods and platforms have been developed. These techniques

enable the evaluation of phenotypic changes in organoids and the

real-time efficacy of compounds in organoid cultures.181 Further-

more, the advancement of spatial transcriptomics is emerging

as a promising tool, offering novel insights and enhanced capabil-

ities in target deconvolution and the evaluation of drug ac-

tions.168,182,183 This shift toward imaging-based methodologies

and the integration of spatial transcriptomics and other omics ap-

proaches represents a significant advancement in the field of or-

ganoid-based drug screening.182 For example, Legnini et al.

developed amethod combining optogenetics and gene perturba-
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tion technologies to control gene expression in organoids with

precise spatial and temporal patterns. They successfully demon-

strated this approach by locally activating Sonic Hedgehog

(SHH) signaling in human neurodevelopment organoid models,

revealing new insights into the role of SHH in neurodevelopment

and highlighting the potential of this method for detailed studies

in tissue patterning and cell fate determination.182

PDO-DERIVED BIOMARKERS

In the context of cancer therapy, a significant limitation is the lack

of effective predictive biomarkers, highlighting the need to

discover reliable biomarkers to predict response to therapy

and potential side effects.184,185 This advancement is critical

for realizing the goals of personalized medicine and enhancing

clinical outcomes.186,187 Traditional biomarkers, sourced from

patients, encompass a range of physiological indicators,

including blood pressure, and can also be derived from biolog-

ical samples like blood or tumor tissues.188 These biomarkers

often involve assessing the expression levels of specific factors

in the blood or identifying gene mutations within tumor cells. The

emphasis on personalized cancer treatment increasingly relies

on genomic biomarkers.189–191 In this regard, organoids, which

can maintain the genomic profile of their parent tissue, have

shown promising results.27,37,76,192,193

Genetic analysis of 1,977 cancer-related genes has revealed a

strong correlation (0.89) between the DNA copy-number profiles

of PDOs and their corresponding primary tumors.27 Remarkably,

PDOs have demonstrated the ability to stably maintain somatic

mutations and transcriptomes even after extended culture pe-

riods of at least 6 months.76 This stability renders them particu-

larly useful in drug screening, linking genetic mutations with drug

responses. For example, a study showed that a combination

treatment of afatinib and simertinib effectively targeted organo-

ids expressingWTKRASwithin 72 h, while organoids expressing

mutant KRAS exhibited a limited response in terms of cell-cycle

arrest and cell death. Similarly, CRC PDOs, when implanted in

immunodeficient mice, mirrored the drug responses observed

in vitro, suggesting the potential of KRAS as a biomarker, albeit

limited by the small sample size of the study.194 In a separate

larger study, gastric cancer PDOs with ARID1A mutations

demonstrated increased sensitivity to the ATR inhibitor VE-

822, a drug used in clinical trials.76

PDOs enable in vitro personalized treatment tests that are syn-

chronized with the patient’s condition. The research conducted

by Wensink and colleagues, encompassing 17 studies across

various cancer types such as colon, gastric, pancreatic, esoph-

ageal, melanoma, breast, ovarian, mesothelioma, glioblastoma,

and head and neck cancers highlights the potential of PDOs

in individualized tumor response tests.17,19,35,38,48,63,74,195–205

This body of work underscores the considerable promise of

PDOs as valuable tools to identify predictive biomarkers in can-

cer treatment. A standardized approach to analyzing these bio-

markers focuses on three key aspects: analytical validity (accu-

racy, repeatability, and robustness of the test), clinical validity

(correlation of the results with clinical outcomes), and clinical

utility (the extent to which the use of predictive biomarkers im-

proves treatment outcomes for patients in a cost-effective
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manner).195,206 In these studies, PDOs mirroring the cancer

types of the patients underwent identical treatments in vitro,

including both singular and combination drug trials, as well as

radiotherapy or mixed treatment approaches. Five of the studies

showed a significant correlation between PDO results from

rectal, colorectal, gastric, and ovarian cancers and clinical out-

comes. A trend toward correlation was observed in 12 studies

involving various cancers like gastric, pancreatic, esophageal,

melanoma, breast, ovarian, mesothelioma, glioblastoma, and

head and neck cancers. Notably, two studies indicated that

CRC PDOs treated with nivolumab plus ipilimumab or FOLFOX

had no correlation with clinical outcomes.

A recent study confirmed that the response of head and neck

squamous cell carcinoma (HNSCC) PDOs to radiotherapy corre-

lateswith the patients’ responses. PDOs sensitive to radiotherapy

indicated longer recurrence-free survival periods for the corre-

sponding patients. The study also explored other biomarkers

such as TP53 mutations, PIK3CA mutations, and CDKN2A loss.

The TP53 mutation status in HNSCC PDOs was related to

in vitro sensitivity to Nutlin-3a.37 They also investigated PIK3CA

in clinical trials, previously identified as a predictive biomarker

for response to alpelisib in preclinical studies.207,208 HNSCC

PDOs with PIK3CA mutations did not show significantly higher

sensitivity toalpelisib compared toPIK3CAWTPDOs. Introducing

PIK3CA mutations (E545K) into normal HNSCC organoids via

CRISPR resulted in increased sensitivity to alpelisib in these

E545K mutant organoids compared to WT, but the difference

was not significant.37 CDKN2A is often co-deleted with methyl-

thioadenosine phosphorylase, which has been proposed as a

predictive biomarker for response to PRMT5 inhibitors.209–211

Accordingly, HNSCC PDOs with CDKN2A loss exhibited

increased sensitivity to PRMT5 inhibitors.37 Another recent study

utilized PDAC PDOs to predict the response of PDAC patients to

FFX (fluorouracil, leucovorin, and irinotecan) treatment, which in-

cludes 5-FU, irinotecan, and oxaliplatin. The sensitivity of the

PDOs to the three components of FFX correlated with a decrease

in the tumor marker carbohydrate antigen 19-9 in the patients’’

serum and a reduction in tumor volume.71 Exome sequencing of

microfluidic organoids byChoi et al. showed that some organoids

have BRAF mutations, which upregulate the RAS-MEK-ERK

pathway and promote cancer progression. Organoids with

BRAF mutations demonstrated increased sensitivity to targeted

therapies using RAF and MEK inhibitors compared to those with

the WT BRAF, indicating that BRAF mutations could be used as

biomarkers in patients receiving RAF and MEK inhibitors.81

Through single-cell RNA-seq of hepatobiliary tumor organoids

and testing 11 different tyrosine kinase inhibitors (TKIs), Zhao

et al. discovered that the CD44+ cancer stem cell population

may be associated with PDO resistance to TKIs.47

Overall, biomarkers fromPDOs have a potential role in predict-

ing response to therapy, assessing safety at the in vitro level,

fostering the development of personalized medicine, and

advancing drug development.

PDO BIOBANKS

In recent years, the role of biobanks in cancer research has

gained significant prominence, particularly with the advent of
living biobanks and PDOs. These innovative biobanks provide

researchers with more physiologically relevant cancer models,

effectively bridging the gap between basic research and transla-

tional medicine.14 In general, tumor biobanks mainly contain

normal and tumor tissues and sometimes matched blood sam-

ples. However, such biobanks suffer from the limitation of being

non-renewable and one-time use.11 However, technological ad-

vancements have led to the development of organoid models

based on 3D in vitro cell culture systems. Currently, several com-

panies and institutes worldwide are collecting patient tissues to

establish organoid biobanks,212 such as the nonprofit technol-

ogy group Hub (https://huborganoids.nl/)), utilized for research

in regenerative medicine, disease pathogenesis, and drug

screening (Figure 5).

In regenerativemedicine, themass culture of 3D organoids as-

sists in addressing the donor source issue for organ transplanta-

tion. This advancement offers promising prospects for organ

transplantation, particularly for patients requiring organ replace-

ment following surgical removal due to conditions like cancer.213

Somatic cells obtained from patients can be reprogrammed into

iPSCs, which are then capable of being cultured in vitro to

develop into tissue-specific organoids. Presently, organoids of

various human tissues can be in vitro cultured fromPSCs or adult

human tissues. Successfully cultured organoids include mini-

intestines,79,214 mini-stomachs,215,216 mini-brains,217 mini-pan-

creases,64 mini-prostates,72 mini-lungs,218 mini-kidneys,219–222

and mini-livers.223–225 Compared with traditional 2D single-layer

cell cultures, 3D-cultured mini-organs exhibit a complex array of

local cell types and intercellular network connections, closely

mirroring the structure and function of actual organs. For

example, in vitro cultured mini-livers demonstrate glycogen

storage and low-density lipoprotein uptake capabilities223;

mini-kidneys feature collecting duct structures and nephron

configurations, suggesting potential in hemodialysis.220 Addi-

tionally, mini-stomach tissues highly express the mucin marker

MUC5AC and the epithelial tissue marker E-cadherin, while

mini-intestinal tissues express the intestine-specific marker

CDX2.79,215 When human mini-stomach tissues were trans-

planted under the greater omentum of immunodeficient mice

(NSG mice), these tissues continuously grew and developed

into mature gastric epithelial tissues capable of secreting various

hormones.215 In 2021, the first successful transplantation of

organoids onto human organs was reported.223 This study

involved transplanting bile duct organoids cultured in vitro into

human livers under ex vivo conditions, thereby achieving the

repair and regeneration of damaged bile ducts. This research

initially cultured gallbladder-derived bile duct epithelial cells

into organoids in vitro and transplanted them into a mouse

model of liver bile duct disease, demonstrating the repair of

damaged intrahepatic bile ducts. Researchers employed a

normothermic perfusion system on human donor livers dis-

carded for transplantation due to bile duct damage. This main-

tained their physiological functions for extended periods

ex vivo. After transplanting gallbladder organoids into the

intrahepatic bile duct, the grafts were retained within the bile

duct chambers, forming connections with the recipient and

achieving bile duct regeneration and improved bile properties.

This finding confirms that organoids cultured in the laboratory
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Figure 5. Establishment and application of PDO biobanks

The currently established biobanks of PDOs, sourced from various cancer types. These biobanks collect tumor tissue, paired normal tissue, and blood, with some

also having patient-derived iPSCs that are reprogrammed from fibroblasts or PBMCs. Normal organoids derived from iPSCs or normal tissue offer potential in

organ transplantation and can be transformed into tumor organoids through gene editing. Tumor organoids, derived either directly from tumor tissue or circulating

tumor cells, offer numerous applications and assist in formulating treatment recommendations. Additionally, peripheral blood serves to isolate immune cells for

culture with tumor organoids, aiding in modeling the TME. Plasma-derived biomarkers also play a crucial role in translational cancer research. Created with

BioRender.com.
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can be transplanted onto human organs and function effectively,

laying the groundwork for the clinical application of organoid

transplantation. However, the ex vivo cultivation of mini-organs

is still in the exploratory stage and faces numerous challenges.

For instance, certain organoids still lack key cell types of the

respective organs, some cells are in early developmental stages

and not yet mature, and there is an absence of necessary sup-

porting structures like blood vessels and neural tissue required

for organ transplantation. These issues present challenges to

the application of organoid transplantation technology in thera-

peutic treatments.

PDOs can be established from various tumor cell sources,

including surgical specimens and fine-needle biopsies,

and have shown potential in reflecting the characteristics of

primary tumors, particularly in terms of DNA sequences

and methylation patterns.4,14,226 The generation of PDO bio-

banks has been documented in a range of tumors, including

those originating from the brain,17,18 head and neck,37,38,227

nasopharyngeal,54 breast,19 lung,48–50 biliary tract,228 liver,44

kidneys,41,42 esophagus,82 stomach,76,77 colon,26–29,79,82
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rectum,74,79 pancreas,63–66 prostate,72,73 bladder,16,229 ovaries,56,57

neuroendocrine tumors,55 upper tract urothelial carcinoma,78

and CRC liver metastasis.13 This demonstrates significant

progress in the field of tumor biology and provides a valuable

resource for research and personalized medicine. The recovery

rates, survival efficiency, and growth after revival of these orga-

noids in vitro have been reviewed previously.230 Therefore,

PDO biobanks significantly expand the types of patient sam-

ples that can be propagated and studied in the laboratory.

These PDO biobanks are capable of reproducing the pheno-

type and genetic characteristics of target organs, offering

new platforms for studying cancer development and progres-

sion, drug screening, and preclinical models, which were dis-

cussed in the previous sections.

In summary, organoid biobanks show immense potential not

only in regenerative medicine but also in disease modeling

research, such as cancer research. Future studies need to

address the challenges and further explore the possible clinical

applications of organoids, thereby advancing the field and lead-

ing to innovative therapeutic approaches.231

http://BioRender.com
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CONCLUSIONS

Cancer, as a leading global cause of mortality, is profoundly

interesting within the scientific community, leading to an

increased focus in cancer research, namely in the development

of new cancer treatments.232 Nevertheless, themolecular mech-

anisms of tumor development remain incompletely elucidated,

and the intricacies of the in vivo microenvironment pose signifi-

cant challenges in unraveling the essence of cancer and identi-

fying effective therapeutic approaches.233,234

Recent studies have shown that PDOs have the potential to be

used as tools for biomarker discovery, preclinical research, and

drug development. Recent developments in organoid research

have led to an improvement in the rates of establishing success-

ful PDO cultures, which, coupled with advances in bioprinting

techniques that lead to reduced handling times, make PDOs

an attractive high-throughput and physiologically relevant tool

to be used in a clinical setting. In the clinic, PDOs show the po-

tential to be used as a proxy for cancer patient drug profiling and

prediction of response to therapy ex vivo. By layering drug

profiling data with different multi-omics analysis, PDOs can be

useful tools to help make informed decisions on individualized

cancer treatment regimens to tailor precision medicine.

The future trajectory will likely involve establishing PDOs effi-

ciently and swiftly, ensuring a high success rate (currently

ranging from 31% to 90%), and minimizing costs. These steps

are pivotal in utilizing PDOs to optimally select patients for the

most effective standard care treatment plans, marking signifi-

cant strides toward personalized oncological care.195

Despite the existing challenges, the trend toward using orga-

noids, which offer more physiologically relevant models, is antic-

ipated to persist.70,235–237 The choice of model in research will

depend on the specific research question, available resources,

and the desired level of physiological relevance. Advancements

in new 3D bioprinting and culturing materials, gene-editing tech-

niques, OoC technologies, iPSCs, and new computational and

single-cell sequencing tools provide innovative strategies to

overcome the obstacles associated with the application of orga-

noids in drug screening and discovery.238–240 Developments in

PDO research take us a step toward fast and reliable precision

medicine applications in cancer treatment.
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O., Vreuls, C.P.H., Jonges, G.N., van Diest, P., Nguyen, L., Clevers, H.,

et al. (2020). Patient-Derived Ovarian Cancer Organoids Mimic Clinical

Response and Exhibit Heterogeneous Inter- and Intrapatient Drug Re-

sponses. Cell Rep. 31, 107762. https://doi.org/10.1016/j.celrep.2020.

107762.

160. Bertotti, A., Migliardi, G., Galimi, F., Sassi, F., Torti, D., Isella, C., Corà, D.,
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