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Abstract

Ovarian cancer (OC), particularly high-grade serous cancer (HGSC), is the leading cause of mortality among gynecological

cancers owing to the treatment difficulty and high recurrence probability. As therapeutic drugs approved for OC, poly

ADP-ribose polymerase inhibitors (PARPi) lead to synthetic lethality by inhibiting single-strand DNA repair, particularly

in homologous recombination-deficient cancers. However, even PARPi have distinct efficacies and are prone to have drug

resistance, the molecular mechanisms underlying the PARPi resistance in OC remain unclear. A patient-derived organoid

platform was generated and treated with a  PARPi to  understand the factors  associated with  PARPi  resistance.  PARPi

significantly inhibits organoid growth. After 72 h of treatment, both the size of organoids and the numbers of adherent cells

decreased. Moreover, immunofluorescence results showed that the proportion of Ki67 positive cells significantly reduced.

When the  PARPi  concentration  reached  200  nM,  the percentage  of Ki67+/4′,6-diamidino-2-phenylindole  (DAPI)  cells

decreased approximately 50%. PARPi treatment also affected the expression of genes involved in base excision repair and

cell cycle. Functional assays revealed that PARPi inhibits cell growth by upregulating early apoptosis. The expression levels

of several key genes were validated. In addition to previously reported genes, some promising genes FEN1 and POLA2, were

also be founded. The results demonstrate the complex effects of PARPi treatment on changes in potential genes relevant to 

PARPi resistance, and provide perspectives for further research on the PARPi resistance mechanisms.

Keywords
apoptosis, base excision repair, cell cycle, ovarian cancer organoid, PARPi

Introduction

Ovarian cancer (OC) is a common cancer  in   females,

accounting for 2.5% of all females and has an extremely

high mortality rate1. Owing to the difficulty of early diagno-

sis, OC is often diagnosed at an advanced stage and consid-

ered as intractable. Poly ADP-ribose polymerase (PARP)

plays an important role in single-stranded DNA repair and

base excision repair pathways2. PARP inhibitors (PARPi)

prevent single-strand DNA breaks (SSB) repair and allows

SSB accumulation to develop into double-strand breaks 

(DSB) that require homologous recombination (HR)3,4. This

results in synthetic lethality in HR-deficient cancer cells,

and has been widely studied3. Several PARPis, including

olaparib, niraparib, and rucaparib3, have been approved as a

novel therapeutic option for treating OC in the clinical set-

ting and presented significant excitement.

However, clinical treatment with PARPi remains intrac-

table.  PARPis are effective as maintain therapy for OC
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patients with BRCA mutations, but more than 40% of these 

patients still do not benefit from PARPi5. Platinum resistance 
has been reported in a patient with gBRCAmt recurrent OC
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after PARPi resistance6. Thus, the increasing use of PARPi in

clinical practice has increased PARPi resistance. Therefore,

the mechanisms of PARPi resistance should be identified to

address this problem   and   provide  guidance   for   early

prevention.

HR restoration, DNA replication fork stabilization, BRCA

reversion mutations, increased drug efflux, PARP1 and PAR

glycohydrolase (PARG) dissociation, and epigenetic molec-

ular modifications  are  the  most  common  mechanisms  of 

PARPi   resistance.   Although multiple mechanisms    are

involved, these are only some mechanisms contributing to

PARPi  resistance7.  As  an increasing number of  patients

receive initial therapy and potential re-treatmentwith PARPi,

a drug-susceptibility testing platform and a clear understand-

ing of the mechanisms by which tumors acquire PARPi resis-

tance are required.

By exploiting our patient-derived organoid platform, we

developed organoid models with high similarity to clinical

OC tissues. PARPi successfully inhibited organoid growth

and reduced the proportion of Ki67-positive cancer cells;

however, some Ki67-positive cells survived at high PARPi

concentrations, indicating that PARPi resistance was repro-

duced on organoid platforms. In this study, we investigated

the impact of PARPi treatment   on OC organoids and

attempted to identify the factors associated with PARPi resis-

tance. Several genes involved in base excision repair and cell

cycle pathways were also altered.

Materials and Methods

Patient Characteristics

We derived organoids from several representative patients

and enrolled one patient with stage IV high-grade serous

cancer (HGSC), who underwent surgery a bilateral salpin-

gectomy in October 2022 and did not undergo any radiother-

apy or chemotherapy before surgery. In this study, surgical

samples were used in the experiments after collecting

informed consent and approval from the Ethics Committee

of  the   Obstetrics   and   Gynecology   Hospital   of Fudan 

University.

Organoid Culture

Fresh obtained clinical tissues were washed three times with

an organoid washing  buffer   (LSTO00100201; Shanghai

LiSheng  Biotech,  China)  to  rinse  the  mucus and  debris.

Then,  the  tissues were mechanically   sheared  using and

Ovarian Cancer Tissue Sampling Kit (LSTO00100101,

Shanghai LiSheng Biotech, China). Next, 3- to 6-mm tissue

debris was seeded in 6-well culture plates (#3516, Costar)

and cultured with 6-mLOC organoid medium (LSTO001004,

Shanghai LiSheng Biotech, China) in a Heracell™ Vios 160i

CR CO2 incubator (51033770, ThermoFisher) at 37℃ under

a humidified atmosphere with 5% CO2. Approximately 50%

medium was changed every  5 days, to provide  sufficient

nutrients for the organoids. After the tumor pieces developed

into organoids, they were passaged every 15 days according

to the manufacturer’s instructions. If the pieces were circular

and presented the characteristics of the parental tumor within

7 days, the culture was regarded as successful.

Drug Treatment Assay

The mechanically disrupted organoids were cultured in 6-

and 24-well plates (#3516 and #3337, respectively; Costar)

for 8 h and treated with the indicated concentrations of olapa-

rib (AZD2281, Selleck). For gene expression analysis, RNA

was extracted from a portion of the cells in 6-well plates cul-

tured for 48 h and sequenced. The cells cultured for 24 and

72  h  were  analyzed  by  flow  cytometry.  To measure the

growth and morphological changes in organoids, adherent

cells in 24-well plates and organoids in 6-well plates were

observed daily using a Leica DMi1 inverted microscope and 

imaged at 24, 48, and 72 h. Organoids in 6-well plates were

sliced into frozen sections for immunofluorescence and his-

tological analyses. The results were normalized to those of 

the dimethyl sulfoxide (DMSO) controls.

Histology and Immunofluorescence

Tissues and organoids were fixed in 4% paraformaldehyde

(PFA)  (BL539A,  Biosharp)  for  30  min, dehydrated  with

sucrose, and embedded in 7.5% gelatin for standard histol-

ogy and immunofluorescence (IF). Frozen sections (10 mm)

of the embedded samples were retrieved using citric acid

(PH6.0). The adherent cells were fixed using 4% PFA for 20

min. Both adherent cells and frozen sections were permeabi-

lized using 0.25% Triton X-100 in PBST, and blocked with

Primary   Antibody   Dilution Buffer (E674004,    Sangon

Biotech, China). After overnight incubation with 1:1000 pri-

mary antibody Rabbit anti-PAX8 (10336-1-AP, Proteintech)

and anti-Ki67 (MA5-14520, ThermoFisher) at 4°C, sections

were washed two times in 0.125% PBST and incubated at

room temperature with 1:1000 secondary antibody anti-rab-

bit (Cy3) (711-165-152, Jackson). Then, they were incubated 

with       4′,6-diamidino-2-phenylindole,       dihydrochloride 

(DAPI) (D1306, ThermoFisher) stain solution at room tem-

perature. After washing three times with 0.125% PBST, they

were scanned using a Keyence BZ-X810 Fluorescence

Microscope  and  the  proportions  of  immunoreactive  cells

were counted. For H&E staining, the sections were washed

twice and stained using a hematoxylin-eosin (HE) Stain Kit

(G1120, Solarbio, China) according to the manufacturer’s

instructions.

Flow Cytometry

The adherent cells were collected and resuspended in fresh

PBS. Apoptosis was analyzed by flow cytometry using an

2 Cell
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Agilent NovoCyte Penteon instrument with an Annexin V/PI

kit   (BD   Biosciences) according to the manufacturer’s
instructions.

RNA Sequencing

RNA was extracted from adherent cells and several floating

organoids culture for 48 h using the RNA Easy Fast Tissue/

Cell  Kit  (4992732, Tiangen, China) and the  purity was

assessed   using   Qubit   3.0 Fluorometer (ThermoFisher,

Waltham, England). After constructing the RNA library fol-

lowed by NEBNext Ultra RNA library for Illumina (Biolab,

England), RNAwas sequenced on Illumina Hiseq 4000using

150 bp paired-end reads. The  sequencing results of frag-

ments per kilobase of transcript per million mapped reads

(FPKM) were analyzed. Differential gene expression analy-

sis was performed using online software (Morpheus, https://

software.broadinstitute.org/morpheus). An online  database

(g: Profiler) was used for analyzing the molecular functions, 

biological processes, and cell cycles.

Gene Expression Analysis

RNA   was reverse-transcribed using    FastKing   gDNA

Dispelling  RT   SuperMix (KR118,  Tiangen, China). For

quantitative real-time PCR (qPCR), gene-specific forward

and reverse primers were used to amplify the samples with

LightCycler 96 Instrument (Roche). The primer sequences

are listed in Supplementary Table 1. The target gene expres-

sion levels were normalized to those of the housekeeping

genes glyceraldehyde-3-phosphate dehydrogenase(GAPDH)

and ribosomal protein  18  (18S). Relative gene expression

levels were calculated as 2−(∆∆Ct) values.

Statistical Analysis

To determine the cutoff points for qPCR and IHC, receiver

operating characteristic curves were analyzed. The Student’s 

t-test was used to determine significant differences between

multiple  statistical  comparisons.  Data  analysis  and  graph 

drawing were performed using GraphPad Prism version 8.

*P < 0.05 was considered significant.

Results

OC-Derived Organoids Were Highly Similar to

Clinical Tissues

OC tissues obtained from consenting patient were dissoci-

ated and seeded  in   a commercial OC organoid culture

medium (Fig. 1A). Histological image and immunohistologi-

cal analyses were performed for one clinical tissue and one

organoid to assess the similarity between the organoid and

parental tumors. The morphology of organoids directly cul-

tured from clinical tissues were highly coherent (Figs. 1B,

2A, B). PAX8 and Ki67 expression is frequently detected in

ovarian carcinomas, and immunofluorescence is often used

to     confirm     PAX8     and     Ki67     positive     tumors8,9.

Immunofluorescence  staining showed  that  the  PAX8  and

Ki67  expression  levels  in organoids  remained consistent

with those in clinical tissues (Figs. 1C–E, 2C, D). Our results

were also consistent with the reported findings about Ki67

and PAX8 positive proportion in  OC9,10. This result  sug-

gested that the organoids showed similar morphological and

proliferative activity to patient tumors, indicating that our

organoids have a high degree ofconsistency in patient tumor

tissues. Hence, this organoid model may be useful for drug

screening and other clinical tests.

PARPi Treatment Affects OC Organoids

Morphology and Growth

Several organoids from one patient were tested for sensitiv-

ity to PARPi, as it is a useful U.S. Food and Drug

Administration (FDA)-approved drug for OC treatment (Fig. 

2E). This experiment was divided into three groups accord-

ing  to  the  drug  concentration.  Morphological  changes  in

organoids or adherent cells were assessed at different time

points. As expected, our organoids showed an increased sen-

sitivity to PARPi (Fig. 3A). The organoids were treated with

PARPi and cultured for 72 h, which resulted in progressively 

smaller organoids and less dense structures. Fibroblast-like

cells that migrated from the organoids, and adhered to the

culture plate were regarded as adherent cells. The number of 

adherent cells significantly reduced after PARPi treatment

(Fig. 3A). Ki67 staining indicated a decreasing Ki67 positive

cell proportion among adherent cells (Fig. 3B). Moreover,

PARPi  treatment decreased  total cell number and Ki67

expression (Fig. 3C). Postoperatively, the patient received

cisplatin and paclitaxel in accordance with the guidelines of

the National Comprehensive Cancer Network and PARPi as

candidates. Given the positive results of our studies and the

completed  chemotherapy  of  the  patient,  we  suggest  that

PARPi  might  be  a clinically viable choice for maintain

therapy.

PARPi Promotes Early Apoptosis in OC Oragnoids

We assessed whether PARPi affected the apoptosis of organ-

oids. After PARPi treatment for 24 h, the percentage of early

and late apoptotic organoids was not significantly different

among all groups (Fig. 4A). However, after 72 h, the drug

treatment substantially induced early apoptosis and had a

negligible effect on late apoptosis (Fig. 4B). Regardless of 

the concentration used, early apoptosis after 72 h treatment

was four to five folds higher than that after 24 h treatment

(Fig. 4C). These results suggest that early apoptosis signifi-

cantly increased 72 h after PARPi administration, which may

guide clinical practice.

Cao et al                                                                                                                           
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Figure 1.  Detection of patient-derived tumor tissues. (A) Schematic diagram of OC organoid culture processing. (B) Representative 

H&E staining of clinical tissues. Scale bars: 200 μm. (C, D) Immunofluorescence results of PAX8 and Ki67 were shown. The expression

level was showed by merged images. Scale bars: 200 μm. (E) Bar graphs describe the ratio of ovarian cancer marker positive cells to

DAPI-stained cells in OC tissues. Dots represent individual data points. Quantitative analysis was presented as the mean ± SEM.
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Figure 2.  Detection of patient-derived OC organoids. (A) Bright view pictures of patient-derived ovarian organoids at different
time points; (B) Representative H&E staining of OC organoids. (C) immunofluorescence results of PAX8 and Ki67 were shown. The

expression level was showed by merged images. Scale bars: 200 μm. (D) Bar graphs describe the ratio of ovarian cancer marker positive

cells to DAPI-stained cells in OC organoids. Dots represent individual data points. Quantitative analysis was presented as the mean ±

SEM. (E) Schematic diagram of drug sensitivity assay processing.

Cao et al                                                                                                                           
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Figure 3.  Morphological changes of organoids after PARPi treatment. (A) Representative bright field images of organoids after PARPi   

treatment were shown. The patient-derived organoids were inhibited by high-concentration PARPi, and treating for a long time did
not represent a significant difference. Scale bars, 200 μm. (B) Representative images of Ki67 and DAPI immunofluorescence staining of

adherent cells. Three indicated groups were divided to investigate dose sensitivity. (C) The expression level of ovarian cancer marker   

Ki67 and proportion of Ki67/DAPI in adherent cells after PARPi treatment was measured. Data are presented as the mean ± SEM (n =

3; *P < 0.05; **P < 0.0I; ***P < 0.00I; student’s test).
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Figure 4. Analysis of apoptosis after PARPi treatment. (A) The apoptosis after 24 h PARPi treatment was evaluated and quantified. (B)

The apoptosis after 72 h PARPi treatment was evaluated and quantified. (C) The percentages of apoptotic cells with different treatment 

concentration in early apoptosis and later apoptosis.

Cao et al                                                                                                                           
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treatment significantly inhibited the growth of HGSC organ-

oids with increasing drug concentration and extended culture

time.    This    is    consistent    with    previous    reports18,19.

Immunohistochemical   staining   and   immunofluorescence

confirmed  that PARPi treatment caused necrosis in the

HGSC  organoids.  Further  analysis  revealed a significant

increase in early and late apoptosis after 72 h of treatment.

RNA-seq analysis  revealed that PARPi treatment either

upregulated  or  downregulated  the  expression  of multiple

genes. The expression of UNG, POLA2, FEN1, and POLE3,

which are involved in base excision repair20, were downreg-

ulated.   The expression of MCM10,   CDKL5,   MCM2, 

CDKN2B,  CDK7,  CDKN1C  related  to  the  cell  cycle21,22, 

were  also  altered  after PARPi treatment. Some of  these

results were confirmed by qPCR.

PARP plays a central role in single-stranded DNA base

excision and repair23,24 . Loss-of-function BRCA1/2 and HR

result in DSBs are not normally repaired through HR repair

(HRR). PARPi generally cause synthetic lethality by block-

ing SSB repair in tumor cells23. Therefore, given the mecha-

nism ofPARPi, BRCA 1/2 mutation or HR deficiency (HRD)

indicate the application of  PARPi25,26.   However,   some

patients who meet these criteria experience rapid recurrence

after PARPi treatment27. Therefore,  a potentially  efficient

platform for assessing PARPi-sensitive inpatients is required.

A three-dimensional   clinical   tumor-derived   organoid

model was used to investigate the sensitivity of the patient to

PARPi. After treatment with a PARPi for 72 h, we deter-

mined that the patient was highly sensitive to olaparib. The

results showed that our organoid culture method is applica-

ble for determining drug sensitivity and can provide guid-

ance  for  clinical practice. This  organoid platform  can be

combined with next generation sequencing (NGS) to detect

drug  therapy28.  We recommend patients with BRCA1/2

mutations or HRD and still resistant to PARPi doing drug

sensitivity  test  by   organoid  model. Therefore, improper

PARPi treatment-mediated exacerbation and delay in opti-

mal treatment could be avoided.

In this study, a small fraction of the cells and organoids

remained viable  after PARPi treatment,  indicating PARPi

resistance. Various mechanisms are involved in PARPi resis-

tance23,25 . The role of the tumor microenvironment in PARPi-

resistant cancers remains unclear. Organoid models are one

of the best methods for investigating the tumor microenvi-

ronment29,30. Studies on PARPi-resistant organoids can lay

the  foundation  for further detailed  research and provide

effective strategies to overcome PARPi resistance.

Conclusion

Patient-derived organoids with certain OC marker expres-

sion levels and morphology similar to the original cancer tis-

sues were used to investigate the effects of PARPi treatment

on organoids and adherent cells from organoid cultures. The

proportion of Ki67 positive cells significantly reduced after

Gene Expression of Base Excision Repair and Cell

Cycle Were Affected by PARPi

This study aimed to enhance the understanding of the effects

of PARPi treatment on gene modulation. RNA sequencing

(RNA-seq)  was  performed to determine changes in the

organoid gene expression profile in one parental tumor sam-

ple and one derived organoid sample after treatment with

200  nM  PARPi.  We  compared  the  transcriptomes  of the

PARPi-treated and control samples and found that at least

1,011 and 1,005 genes were upregulated and downregulated,

respectively  (Fig.  5A). Gene  ontology  (GO) was used to

classify  these  differentially  expressed  genes  (DEGs)  into

biological processes, molecular functions, and cellular com-

ponents. The molecular function associated with upregulated 

genes was protein binding (Fig. 5B). The regulation of cel-

lular progress in biological processes was also dramatically

affected (Fig. 5C). Several pathways, such as the cell periph-

ery, integral component of the membrane, and intrinsic com-

ponent of  the   membrane,   were   downregulated. Genes

belonging to these groups may be associated with PARPi

treatment. Some PARPi-related upregulated and downregu-

lated genes have never been reported. Considering the mech-

anism ofPARP inhibition, we selected several genes related 

to base excision repair and the cell cycle for FPKM analy-

sis11,12 (Fig. 5D, E). Among the identified upregulated genes,

the expression of the cell proliferation geneMCM2 decreased

after treatment, which was consistent with gene expression

level analysis because MCM2 and PARP synergistically reg-

ulate cell proliferation13 (Figs. 5E, 6B). To further verify the

gene  expression  signatures  before  and  after  PARPi  treat-

ment, several gene expression levels were analyzed using

qPCR with specific primers. FEN1 and SMUG1 are highly

expressed and regarded as promising biomarkers in OC14,15.

Therefore, changes in the expression ofFEN1 and SMUG1,

as well as uracil-DNA glycosylases encoding gene  UNG,

after PARPi treatment were also evaluated to identify poten-

tial drug targets. FEN1 and UNG were decreased after PARPi

treatment. This suggests that these genes may be associated

with the pathways targeted by PARPi. Interestingly, MCM10

has no widely identified as a potential biomarker in OC, the

decreasing trend of MCM10  may provide evidence that 

MCM10 is correlated with OC. POLA2 is a therapeutic target

in  lung  cancer, and  POLA2  mutation even causes gem-

citabine resistance in lung cancer cells. Therefore, POLA2

downregulation after PARPi treatment may have biological

significance16,17 . Representative DEGs of  base   excision

repair and cell cycle were also validated by qRT-PCR analy-

sis (Fig. 6A, B).

Discussion

We cultured organoids from pathological HGSC specimens

and verified that the clinical and biochemical profiles of the

organoids were similar to those of clinical tissues. PARPi
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Figure 5.  OC organoid have distinct transcriptomes after PARPi treatment. (A) Significantly upregulated and downregulated
genes from control and PARPi treatment samples for the RNA sequencing results. (B, C) Gene ontology classification of organoid.

Representatively upregulated or downregulated genes closely related molecular function, biological process, and cell components. The   

size of the bubbles indicates the number of associated genes. (D, E) Significantly changed genes linked base excision repair and cell cycle.

Cao et al
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Figure 6.  PARPi reduce cell proliferation and cell cycle in patient-derived organoid. (A, B) Expression level of 6 candidate genes linked

to base excision repair pathways or cell cycle pathways after 48 h with different dosages of PARPi (0/50/100 nM) treatment. Data are   

presented as the mean ± SEM (n = 3; ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001; student’s test).
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PARPi  treatment.  Functional  assays  revealed  that  PARPi 

inhibits cell growth by upregulating apoptosis. Several path-

ways, such as cell cycle and base excision repair, have been

highlighted as downstream targets of PARPi. Although fur-

ther studies are needed, these results indicate the utility of 

our organoid platform and some potential genes related to

PARPi resistance. Furthermore, these data provided clues for 

clarifying  the  PARPi  resistance  mechanisms  and solving

clinical problems.
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PUBLIC SUMMARY
- The landscape of organoids histo ry: organoids mark a new and efficient model in tissue and organ level.

- Multiple applications of organoids in biomedicine and life healthcare.

- Organoids benefit to drug discovery, disease study,  prevention, control, and therapy.

- Synthetic biology,  artificial intelligence and automat ion integration broaden the role of organoids.
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In the last decade, organoid research has entered a golden era, signifying a

pivotal shift in the biomedical landscape. The year 2023 marked a milestone

with the publication of thousands of papers in this arena, reflecting exponen-

tial growth. However, amid this burgeoning expansion, a comprehensive and

accurate overview of the field has been conspicuously absent. Our review is

intended to bridge this gap, providing a panoramic view of the rapidly evolving

organoid landscape. We meticulously analyze the organoid field from eight

distinctive  vantage  points,  harnessing our rich experience in academic

research, industrial application, and clinical practice. We present a deep explo-

ration of the advances in organoid technology, underpinned by our long-stand-

ing involvement in this arena. Our narrative traverses the historical genesis of

organoids and their transformative impact across various biomedical sectors,

including oncology, toxicology, and drug development. We delve into the syn-

ergy between organoids and avant-garde technologies such as synthetic

biology and single-cell omics and discuss their pivotal role in tailoring person-

alized medicine, enhancing high-throughput drug screening, and constructing

physiologically pertinent disease models. Our comprehensive analysis and

reflective discourse provide a deep dive into the existing landscape and

emerging trends in organoid technology. We spotlight technological innova-

tions, methodological evolution, and the broadening spectrum of applications,

emphasizing the revolutionary influence of organoids in personalized medi-

cine, oncology, drug discovery, and other fields. Looking ahead, we cautiously

anticipate future developments in the field of organoid research, especially its

potential implications for personalized patient care, new avenues of drug dis-

covery, and clinical research. We trust that our comprehensive review will be

an asset for researchers, clinicians, and patients with keen interest in person-

alized medical strategies. We offer a broad view of the present and prospec-

tive capabilities of organoid technology, encompassing a wide range of cur-

rent  and  future  applications.  In  summary, in  this review  we attempt  a

comprehensive exploration of the organoid field. We offer reflections, sum-

maries, and projections that might be useful for current researchers and clini -

cians, and we hope to contribute to shaping the evolving trajectory of this dy-

namic and rapidly advancing field.

INTRODUCTION

Organoid technology, the use of three-dimensional cultures derived from

stem cells that closely mimic the architecture and functionality of native organs,

represents a seminal advance in biomedical science, offering a revolutionary

perspective on human physiology and pathology.1 Organoid technology has

profoundly impacted various fields, notably oncology and regenerative medi-

cine, demonstrating unparalleled adaptability and precision.2 Organoids, essen-

tially miniature versions of organs, offer a highly physiologically relevant model

for understanding human biology. This relevance is particularly critical in drug

development, an area in which traditional models often fall short.
3

Compared

to two-dimensional cell cultures or animal models, organoids provide a more ac-

curate representation of human tissues, enabling more reliable and efficient

drug screening and functional validation.4 This feature is particularly valuable

in the context of cancer research, where organoids can mimic the tumor micro-

environment, providing insights into tumor-immune interactions and host-path-

ogen dynamics.
5

The clinical fidelity of organoids is higher than that of conven-

tional models, as they can replicate the complex biological processes of human

organs in vitro. This attribute enables the rapid functional testing of drugs,

increasing the efficiency of the pathway from discovery to clinical application.6

Additionally, organoids present a novel platform for in vitro gene-editing thera-

pies.  By leveraging CRISPR-Cas9  and other gene-editing tools,  researchers 

can use organoids to model genetic diseases and test therapeutic strategies,

significantly advancing the field of personalized medicine.7,8 Our research find-

ings emphasize the transformative potential of organoids in biomedical sci-

ences. In the future, we expect organoids to play a pivotal role in advancing

our understanding of human biology, evolving from cellular self-organization

to integration with technologies such as synthetic biology and artificial intelli-

gence (AI), offering substantial potential to revolutionize fields such as drug dis-

covery, disease modeling, and personalized medicine. Progress in organoid

technology continues to break barriers, offering insights once deemed unattain-

able. Accordingly, this review not only explores the current landscape of orga-

noid technology but also offers a forward-looking perspective on the profound

anticipated impact of organoids on future biomedical research.

ORGANOID HISTORY

Organoid research, originating in the early 20th century, explores the self-orga-

nizing properties of cells (Figure 1A). The initial studies involved cultivating me-

chanically dissociated sponge cells to create functional organisms in vitro. H.V.

Wilson’s  observations  in  1907  marked  the inception  of  organoid research,

revealing the self-organization and regeneration of dissociated sponge cells.9—11

In subsequent decades, several groups performed dissociation-reaggregation

experiments to generate different types of organs from dissociated amphibian

pronephros and chick embryos,12—14 demonstrating the ability of cells to self-

organize and form organ-like structures in vitro.

In 1981, pluripotent stem cells (PSCs) were isolated from mouse embryos, a

milestone in stem cell research.15—18 In November 1998,  human embryonic 

stem cells (ESCs) were derived from blastocysts, a breakthrough demonstrating

human PSC derivation.19 The development of human induced pluripotent stem

cell ( iPSC) technology further revolutionized the field.20,21 The modern era of orga-

noid technology truly began in the2000s with the development of iPSCs by Shinya

Yamanaka’s team at Kyoto University22—25: their pioneering work showed that

mouse fibroblasts could be reprogrammed into a pluripotent state by introduc ing

four transcription factors (Oct4,  Sox2,  Klf4,  and c-Myc),  generating the first 

iPSCs.18,22

In 2009,  Hans Clevers introduced the term “organoid, ” emphasizing self-organi-

zation, particularly in cancer research.26 The term “organoid” draws inspiration

from the ancient Greek lexicon, where “organon” is the origin of “organ” andthe suf-

fix “-oid” denotes resemblance or likeness. Therefore, “organoid” refers to some-

thing that resembles an organ. Researchers such as Lancaster and Knoblich

expanded upon this seminal work.27They opined that the true essence of organo-

ids lies not solely in their structural replication but in their ability to mirror the
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Figure 1.   Unlocking organoids : A tale of his torical discoveries and advanced taxonomies (A) The chrono logical histo ry o f  the development o f o rgano ids. (B) Numerous novel

applications of organo ids have surfaced in the realm of life science research in recent years. (C) Further refinement is required in classification as a result of the diversification of

organoid sources.

ease mechanisms31 and continue to be a valuable resource for investigating the

molecular mechanisms underlying intestinal development and disease progres-

sion.26,32 Cerebral organoids,  created by Lancaster et al. in 2013, mimic human 

brain development and aid in understanding developmental brain disorders.33

cellular diversity, specific functionalities, and even intricate cellular arrangements

of the organs they represent.
28

Subsequently, the field of organoid technology

advanced rapidly, ushering in a new era in scientific innovation.29,30 Hans Clevers,

intestinal organoids paved the way for new research on intestinal biology and dis-
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In 2014, groundbreaking advances occurred in prostate organoid research,

providing a robust platform for studying prostate cancer dynamics and therapeu-

tic drug testing.34,35 In 2015, kidney organoids derived from iPSCs provided in-

sights into kidney development and disease modeling.36,37 Subsequent years

saw the burgeoning of organoid technology across various organ systems,

includingthe pancreas. The development of pancreatic cancer organoidshasillu-

minated the pathophysiological mechanisms that underlie pancreatic ductal

adenocarcinoma, fostering advancesin personalized medicine and targeted ther-

apeutic strategies.38,39 A surge in methodological refinements in retinal organoid

cultivation have occurred since 2018. These organoids recapitulate the function-

ality of retinal cells, representing a significant leap forward from earlier models

that lacked structural and functionalfidelity.40,41 Most recently, cardiac organoids

emerged, aiding in modeling heart diseases.42,43

Organoids have revolutionized biomedical research, enhancing drug assess-

ments and personalized medicine.44 In oncology, organoids have provided crit-

ical insights into the tumor immune microenvironment, propelling advance-

ments in immunotherapy.45 These three-dimensional cultures serve as pivotal

tools in deciphering the complexities of organ and embryonic development,

spotlighting essential elements of morphogenesis and the inception of life.46

Moreover, the establishment of extensive organoid biobanks has supported

personalized research approaches, offering a plethora of tissue-specific sam-

ples for in-depth study. In neuroimmune research, organoids have been instru-

mental in elucidating the intricate interplay between the nervous and immune

systems, leading to new insights into a myriad of associated disorders.47,48

The remarkable ability of organoids to replicate organ-level functions within

controlled environments is responsible for their indispensable role in precision

medicine, disease modeling, and regenerative medicine, enabling a transforma-

tive phase in modern medical research (Figure 1B).

The field of organoid development utilizes a variety of stem cell sources, each

with unique characteristics. Among these are the well -known ESCs and the rev-

olutionary iPSCs, both of which fall under the broader category of PSCs (Fig-

ure 1C). The versatile mesenchymal stem cells also play a crucial role in this

domain.49–55 Additionally, the world of clinical medicine offers a treasure trove

of sources in the form of tissue specimens, both from individuals battling dis-

eases and from healthy donors.56,57 This  range includes surgical specimens

and other less obvious sources such as nasopharyngeal swabs, which have

recently gained prominence.58

In conclusion, organoid research has introduced a new era in biomedical sci-

ences, enhancing our understanding of life, disease, and therapies.

ORGANOIDS OUTSHINE CONVENTIONAL BIOMEDICAL MODELS

Biomedical researchers, in relentless pursuit of understanding life’s complexity,

have long sought models to mirror human physiology and pathology (Figure 2).

Animal models, once pivotal in research,59 present challenges due to interspecies

differences and translational limitations.60–62 Asthe limitations of animal models

grew more apparent, the use of cell lines became prevalent.63 However, cell lines,

though scalable,  have the  disadvantages of genetic  homogeneity  and two-

dimensional constraints.64–66 In this complex scenario, the scientific community

witnessed the emergence of organoids, three-dimensional structures derived

from stem cells. These scaled-down models of organs are designed to bridge

the gap between the simplicity of cell lines and the complexity of in vivo organ-

isms, providing a clearer perspective on human biology.57,67

Patient-derived organoids, which resemble the original tissues, hold promise

in biomedical research. These models are established from patient samples,

retain their genetic complexity, and offer a rapid and cost-effective way to study

diseases.68 Patient-derived organoids maintain interpatient heterogeneity, mak-

ing them valuable for personalized medicine, especially in cancer research;how-

ever, their applications extend beyond oncology. For example, endometrial orga-

noids  have  been successfully established from  both  normal and diseased

human endometrium, including tissue samples representing conditions such

as endometriosis, endometrial hyperplasia, and endometrial cancer.
69

These or-

ganoids maintain tissue characteristics and genetic stability, which can facili-

tate the understanding of disease heterogeneity. For instance, organoids from

patients with Mayer-Rokitansky-Ku… ster-Hauser syndrome have revealed unique

gene-expression patterns, highlighting their potential for personalized medi-

cine.70 This emphasizes the potential of endometrial organoidsto modelindivid-

ual patient pathologiesand contribute to personalized medicine. Endometrial or-

ganoids have shown promise in high-throughput drug screening: they can be

used to test the efficacy and toxicity of new therapeutic agents in a controlled

environment that closely mimics in vivo conditions.69 By testing drugs on pa-

tient-specific organoids, researchers can identify the most effective treatments

for individual patients.69 This personalized strategy has the potential to trans-

form endometrial disease treatment by customizing therapies to each patient’s

specific needs, thereby advancing precision medicine.71,72

In contrast, although patient-derived primary cell cultures closely resemble the

original tumor,73 they have a finite lifespan and limited replicative capacity. Their

establishment can be challenging due to low success rates and slow growth, re-

stricting  the  duration  of drug-response  testing.74 Patient-derived  xenograft

models, which can take several months to establish and are costly to maintain,

also exhibit genetic heterogeneity.75 Moreover, the success rate of establishing

these models can vary widely, making them less predictable than patient-derived

organoids.76 Genetically manipulated animal models are another alternative but

present their own set of challenges.
77

These models take months or even years

to develop, impose high maintenance costs, and exhibit genetic and cellular het-

erogeneity depending on the specific genetic modifications made.78–80 The rigid-

ity and complexity of these models make them less adaptable than the more ver-

satile and representative patient-derived organoids.

Organoid  technology  has  advanced  beyond  other in vitro  techniques  to

become a leading approach within the field of personalized medicine.81 Central

to this advancement are iPSC-derived patient-specific organoids. These models 

have revolutionized our approach to understanding complex diseases by closely

mirroring the genetic, cellular, and functional characteristics of a patient’s tis-

sue.82–85 iPSC-derived organoids offer unique advantages in disease modeling,

particularly due to their patient-specific nature.
84

They allow personalized disease

modeling, which is crucial in understanding complex diseases such as cancers,

neurological disorders, and rare genetic diseases. Moreover, iPSCs are amenable

to genetic editing using CRISPR-Cas9, enabling the study of disease mecha-

nisms and the development of targeted therapies.82,83 iPSC-derived organoids

have filled a gap in research opportunities by providing a more accurate, hu-

man-specific model, thereby revolutionizing the scope and methods of disease

research. In Alzheimer’s disease research, organoids replicate key disease fea-

tures such as β-amyloid accumulation and tau protein buildup,86,87 offering in-

sights into molecular mechanisms and genetic factors such as APOE4.83 Simi-

larly, Parkinson’s disease research benefits from the use of midbrain-specific

organoids in exploring interactions involving dopamine-producing neurons.88–91

The pathology of amyotrophic lateral sclerosis has been successfully mimicked

in cerebral organoids using patient-derived protein extracts, illustrating TDP-43

aggregation and disease progression.
92

This model has also demonstrated the

time-dependent  spread of  pathogenic TDP-43,  inducing  astrogliosis,  cellular

apoptosis, and DNA double-strand breaks in the recipient cerebral organoids.

Accordingly, this model enables the in-depth exploration of genetic mechanisms

The pharmaceutical industry, ever in search of therapeutic innovations, has

embraced organoids as a powerful tool.96–98 Patient-specific organoids, with

their personalized genetic tapestries, have proven to be robust platforms for

drug testing, providing a path for individualized therapeutic blueprints. Their

high accuracy, consistency, reproducibility, and fidelity in drug-screening para-

digms support their potential as vanguards of drug discovery.99,100

Furthermore, the convenience of subculturing and the potential for extended

storage render organoids a favored option for extensive biobanking, accommo-

dating  a  wide  range  of  patient  specimens.101 Because  of  their  differences

from and synergies with other  models, organoids  illuminate a  path toward

personalized medicine, drug discovery, and a more profound understanding

of life itself.

ORGANOIDS SOLVE CLINICAL DIFFICULTIES IN ONCOLOGY

Organoid technology introduces a new generation of detailed and accurate

simulations, capturing the genetic traits and heterogeneity inherent in complex

diseases such as cancer.102–104 The ability of organoids to mimic diverse pa-

tient-specific responses is instrumental in dissecting the multifaceted nature

of tumors, paving the way for targeted therapeutic interventions (Figure 3A).

The detailed insights offered by these models are fostering new developments

in biomedical research and pharmaceuticals, providing a novel approach to
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address complex clinical challenges, such as pancreatic cancer,102,105 tumor

drug resistance, recurrence, and metastasis.103,106,107

Pancreatic cancer presents a significant challenge in oncology, asitis charac-

terized by late diagnosis and limited treatment options, an aggressive nature, a

dense stroma, high heterogeneity, and a lack of effective screening techniques.

These factors contribute to its poor prognosis as a clinically incurable dis-

ease.108–110 The development of organoids, which are three-dimensional cell

cultures replicating organ structure and function, introduces new possibilities

in  addressing  this   challenging  cancer.102 Patient-derived organoids   have

been successfully derived from pancreatic ductal adenocarcinoma patients,

Figure 2.   Organoids represent s ignificant improvements over exis ting biomedical models Organo ids, the miniaturized facsimi les o f o rgans, have redefined the landscape o f

biomedical models, presenting a more physiologically relevant alternative. Compared to other models, organoids not only boast a shorter construction cycle and a higher success rate

but also excel in preserving individualized tissue characteristics of patients.
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Figure 3.   Organoid solves  c linical difficulties  in oncology: Pioneering models , therapies , and global tria ls  (A) Uti liz ing o rgano ids for genetic replication in a groundbreaking manner.

Organo ids are an innovative method that successful ly generates genetical ly homogeneous models for cancers, specifically those that demonstrate resistance to medicine or

repeated spread to other parts of the body. (B) Therapeutic innovations through organoid models. Utilizing the organoid-based genetic models, the scientific community is embarking

on a journey of explo ring and validating novel therapeutic regimens for tumors previously deemed untreatable. (C) Organoids at the forefront of global clinical endeavors. The global

initiation of clinical trials that harness the capabi li t ies of organo ids testifies to their transformative potential.

noids, with CHK1 inhibitors exhibiting exceptional growth inhibition.104 Organo-

ids also show potential for treating drug-resistant tumors by maintaining key

characteristics of primary tumors even after long-term passaging.103,112 They

facilitate the exploration of resistance mechanisms related to cancer stem cells

and can be used to study drug-resistance mechanisms, personalized medicine,

demonstrating the ability to test the efficacy of various chemotherapy drugs.111

In some cases, organoid drug responses have correlated with patient clinical re-

sponses.102 Promising results have been observed in drug-screening experi-

ments, where kinase inhibitors, which are drugs that block certain enzymes

called kinases, have been shown to decrease the viability of patient-derived orga-
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tein kinase activity, pH levels, and lactate levels.129 From studying cancer

formation and progression by monitoring specific biochemical markers to

investigating neurological disorders through precise measurements, these

tools offer  powerful  insights  into  disease  at  a  molecular  level.128,130 In

gastrointestinal  organoid  culture, bioengineered sensors or biosensors

have been integrated to enable measurements specific to gastrointestinal

organoids.131

Advances in synthetic biology include the creation of tunable synthetic

matrices using materials such as polyethylene glycol and hyaluronic acid

to enhance organoid growth and functionality.132 Bioengineered hydrogels,

such as those that emulate the esophageal microenvironment or support

ovarian follicle culture, play crucial roles in promoting cell differentiation

and organoid-like structure formation (Figure 4A). Synthetic biology, driven

by advances in biomaterials such as hydrogels, is crucial for the develop-

ment of organoid  technology.133 Cruz-Acuña et al. developed a bio-

engineered  hydrogel  system  that  mimics  the  esophageal  microenviron-

ment,  promoting  the  differentiation  of PSCs into esophageal  epithelial

cells.134 Nason-Tomaszewski et al. created fibrous hydrogels to support

organoid-like structure formation and oocyte survival in ovarian follicle cul-

ture.135 Nguyen et al. utilized tryptophan zipper peptides to craft bioactive

hydrogels with antimicrobial properties, promoting mammalian cell growth

and inducing polarity  changes   in human intestinal  organoids.136 The

concept of “assembloids” represents a further advance in bottom-up con-

struction.137 These organoids,  derived from spatially organized  multiple

cell types, mimic the complexity of actual organs. By combining different

cellular components, assembloid technology provides a high-throughput

platform  for  generating  functional human organoids. For example, re-

searchers have created multilayer bladder assembloids that mimic the in-

teractions  between  epithelium  and  stroma found  in  mature  adult  blad-

ders.138 These  assembloids not  only exhibit functional characteristics

but also enable the modeling of specific conditions, such as urinary tract

infections and urothelial carcinoma (Figure 4B).

Organoids also present a unique advantage in the field of synthetic biology,

namely, the production of a myriad of biological products.139 The unique milieu

of these miniature organ structures mimics physiological conditions within the

human  body, facilitating the ex vivo production of complex molecules with

high biocompatibility.140 For example, organoid technology shows great promise

in antibody production by mimicking immune system components to produce

specific antibodies against pathogens in vitro. This accelerates therapeutic devel-

opment and enables research into immune response.141 In another area of syn-

thetic biology, organoid technology has revolutionized toxin production for med-

ical research. The cultivation of organoids capable of producing snake venom is

an important advance that offers potential for antivenom development, pharma-

cological research, and therapeutic applications. Organoids derived from snake

venom gland cells provide an in vivo-like model for venom production.142 This

study represents a significant stride in venom research, as these new organoids

can serve as a viable platform that not only fosters a deeper understanding of

venom biology but also propels the development of antivenoms and other ther-

apeutic agents.143 In summary, organoid technology is carving a new niche in the

production of synthetic biology products and is expected to propel the develop-

ment of innovative drugs and therapeutic strategies in the future (Figure 4C).

Recently, Kim et al. reported another significant advance in the field of synthet ic

biology and organoid technology.144,145 Researchers created human enamel or-

ganoids from  iPSCs  to mimic  tooth  development.  These  organoids,  which

resemble ameloblasts, formed enamel in response to the presence of calcium

and interacted with dental mesenchyme to enable mineralization. They also

displayed differentiation potential and regenerative abilities. This advance  in

synthetic biology introduces new possibilities for dental treatments and

research.144,145

Synthetic biology, an evolving field, shows promise for the generation of

diverse biochemical compounds, which is crucial for therapeutic develop-

ment. The main challenge is efficiently identifying compounds with hig h bio-

logical activity and therapeutic value, and an emerging solution is using or-

ganoids in high-throughput screening systems. Organoids, which mimic the

functions of real organs in three-dimensional structures, provide a platform

for more accurately evaluating synthetic compounds. For instance, a study

by Yang  et  al.  emphasizes  that  organoids  provide a  three-dimensional

and high-throughput drug-screening methodologies. Organoids have been suc-

cessfully established from multiple human tumor types, such as breast, pancre-

atic, gastrointestinal, lung, prostate, ovarian, and bladder cancers.106They can be

used to target key genes and cancer stem cells to reverse drug resistance incan-

cer and have been shown to accurately predict patient responses to targeted

therapies and chemotherapies (Figure 3B).113

Organoid models have emerged as a crucial asset in the field of immuno-

therapy, an innovative type of cancer therapy that leverages the body’s immune 

system to identify and eradicate cancer cells.114—116 Organoid models have been 

instrumental in the generation and proliferation of tumor-reactive T cells derived

from patient peripheral blood lymphocytes. Notably, these T cells exhibit a unique

ability to target and annihilate autologous tumor organoids, emphasizing the

promising role of organoids in the advancement of tailored immunotherapies.117

Moreover, organoids have proven crucial in forecasting individualized responses

to immunotherapeutic interventions. Because they preserve the genetic integrit y

of the original tumor samples, organoids offer a highly representative model for

assessing the effectiveness of various immunotherapeutic agents and their syn-

ergistic combinations.117,118 Research utilizing cancer organoids has shown that

combination therapies markedly outperform monotherapy in terms of drug-

response rates. This finding highlights the importance of organoids in refining

treatment protocols and exploring novel therapeutic combinations.117 Further-

more, the cocultivation of organoids with immune cells, including tumor-infil-

trating lymphocytes and peripheral blood mononuclear cells, has yielded valuable

insights into the tumor microenvironment and its intricate interactions with the

immune system. This methodology is vital for the evaluation of immunother-

apies and for elucidating the dynamics of tumor-immune interplay.118 Advanced

methodologies such as organoid-on-a-chip and three-dimensional bioprinting

techniques have also been developed, enabling the creation of more elaborate

cancer models.119 These sophisticated models enable precise manipulation of

the tumor microenvironment and effectively simulate multiorgan metastases

in cancer, providing a more accurate testing ground for immunotherapeutic

agents.117 In  summary,  organoid  models  stand  in  the  vanguard  of  cancer 

research and immunotherapy evaluation. This evolving technology is poised

to become an essential instrument in the global battle against cancer, paving

the way for more efficacious and personalized treatment for patients

worldwide.120—122

Organoid-based clinical trials are gaining momentum internationally, with sig -

nificant contributions from countries including China and the United States (Fig-

ure 3C).
1

Clinical trials, prospective observations, and randomized controlled tri-

als using organoids cover a wide range of diseases, including cystic fibrosis and

various types of cancers such as breast cancer, colorectal cancer, lung cancer,

esophageal cancer, and liver cancer. These trials are at the forefront of trans-

lating laboratory findings into clinical therapies to address some of the most

daunting challenges in modern medicine.123 Numerous applications of organoid

technology are currently undergoing rigorous clinical evaluations and hold prom-

ise for a new era of personalized and effective treatment strategies.124 These tri-

als highlight the potential of organoids to provide tangible solutions to some of

the most perplexing medical challenges of our time.125 The integration of orga-

noid technology into mainstream healthcare could revolutionize treatment mo-

dalities and present unprecedented opportunities to improve patient outcomes.

As these clinical trials progress, they pave the way for the next generation of med-

ical breakthroughs, powered by the sophisticated simulations that only organoid

technology can provide.

THE INTERSECTION OF SYNTHETIC BIOLOGY AND ORGANOID

TECHNOLOGY

The path to realizing the full potential of organoid technology is fraught with

complexities and inconsistencies. These challenges, along with technical diffi-

culties in creation and analysis, have somewhat impeded widespread adoption.

Synthetic biology, however, is a field poised to surmount these hurdles. Syn-

thetic biology is introducing a new era by connecting innovative methodologies

to  the  multifaceted world of organoids.126 This nexus between synthetic

biology and organoid research is a rapidly growing field that is expected to

overhaul our comprehension of biological systems and inaugurate unique ther-

apeutic strategies.127

Genetically encoded luorescent biosensors are revolutionizing real-time

monitoring in organoid development,128 enabling the measurement of pro-
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Figure 4.   The intersection of synthetic biology and organoid (A) Synthet ic biology aids in creating various auxi liary matrices and scaffolds. These structures provide an optimized

environment, enhancing the growth and development of organo ids. (B) By combining different cellular components, assembloids mimic the complexity of actual organs. (C) The

utilization of organo id techno logy is establishing a distinct and specialized role within the realm of synthetic biology product manufacture. (D) Organoids, which are three-dimensional

multicel lular constructs that replicate the activity of actual organs, offer a distinct prospect for enhanced and streamlined screening procedures of synthetic drugs.

tween generating diverse biological compounds and efficiently screening

them for the most promising candidates could significantly expedite drug

discovery, bringing effective treatments to patients more quickly and reliably

(Figure 4D) .

platform suitable for high-throughput drug

the gap between basic research and clinical

compound production by synthetic biology

of organoids could revolutionize therapeutic
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In conclusion, organoid models in toxicology present immense potential. Ad-

dressing the challenges of standardization, scalability, physiological relevance,

and ethical considerations will be pivotal to fully exploiting organoids in toxi-

cology  research.  With  continued  technological  advancement  and  interdisci -

plinary collaborations, organoid models present an opportunity to revolutionize

toxicology, leading to more accurate and efficient testing of harmful substances

and thereby significantly increasing human health and safety.

THE ORGANOID EPOCH: A PARADIGM SHIFT IN DRUG DEVELOPMENT

Organoid technology has played a pivotal role in the advancement and evalu-

ation of new pharmaceuticals. While organoids are not directly involved in the

creation of novel drugs, they are essential for facilitating the discovery of prom-

ising drug candidates via drug screening and testing.162,163 Specifically, organo-

ids derived from colorectal cancer patients have been instrumental in assessing 

responses to inhibitors of tankyrases, enzymes that are crucial in Wnt signaling

and are frequently disrupted in colorectal cancer. This testing has led to the iden-

tification of new drug candidates targeting the Wnt pathway.68 Moreover, orga-

noids from breast and lung cancer patients with certain mutations have been

valuable in predicting sensitivity to PARP inhibitors, drugs that focus on DNA-

repair mechanisms,68,164,165 contributing significantly to the development of in-

dividualized  treatment  plans  involving  PARP inhibitors.  An  additional study

revealed  that  organoids possessing  ARID1A  missense  mutations  exhibited

particular sensitivity to ATR inhibitors, which affect the DNA-damage response.

This discovery holds significant promise for the development of new ATR-target-

ing drugs for cancers with ARID1A mutations.166 Furthermore, organoids from

endometrial and metastatic tumors responded to STAT3 inhibitors, hinting at

the potential for novel drugs that target STAT3 signaling in endometrial adeno-

carcinoma.167 Organoid lines from mesothelioma patients retained biomarkers

and histological features of the patients, tumors.168 In drug testing with cisplatin

and pemetrexed, the organoids mirrored the patients, responses, demonstrat ing

the potential of organoids in predicting treatment outcomes for mesothelioma.

Finally, organoids from appendiceal carcinoma were used in immunotherapy tri -

als, paving the way for the creation of new immunotherapeutic agents tailored to

the unique characteristics of appendiceal tumors.167 In every facet of pharma-

ceutical development, organoids manifest indispensable significance, providing

robust support and verification from foundational research to clinical trials and

all the way to the guidance of personalized medication, facilitating all-encom-

passing success in drug innovation.

The emergence of organoids in high-throughput drug screening has trans-

formed drug discovery by enabling the targeted identification of effective mole-

cules from  large compound  libraries.162,163 Recent  advances  in  automation

and  systematic  platforms have made  organoids a gold standard in drug

screening with the potential to streamline drug-discovery pipelines.169—171 Their

ability to efficiently identify the most effective molecules from large compound

libraries  is transformative, and organoids are  poised to  become an  integral

part of drug-discovery pipelines. A large-scale organoid-based screening platform

was used to test 1,172 Food and Drug Administration-approved compounds on

pancreatic cancer organoids, and 22 drugs with anticancer effects were identi-

fied. This effort underscored the importance of three-dimensional culture-based

platforms for drug screening, as some drugs that were effective in organoids did

not show the same effects in two-dimensional cultures.166 One of the most crit-

ical aspects of drug development is the early identification of toxicological pro-

files. Traditional animal models often fail to capture the full spectrum of hu-

man-specific toxicities,  leading  to  costly  failures  in  late-stage  clinical  trials.

Organoids, because of their human-derived cells and tissue-specific architec-

tures, constitute a more accurate model for assessing drug toxicity.172,173 Kidney

organoids,174,175 for instance, have been used to evaluate nephrotoxicity, which is

a significant concern in human pharmacology. Organoids are crucial and power -

ful tools not only for testing compound efficacy and toxicity but also for under-

standing disease mechanisms and validating therapeutic targets.176 In cancer

research, patient-derived tumor organoids play an important role in validating on-

cogenes and tumor-suppressor genes, thereby offering insights into drug mech-

anisms. In a study by Hirt et al.177 reported by Mainardi and Bernards,166 a newly 

derived pancreatic organoid biobank comprising 31 three-dimensional cell lines

derived from tumors and nine from healthy tissue was used to investigate novel

drug-gene interactions with potential translational value. The evaluation of drug

responses in a context that mimics human physiology is crucial for the success

In conclusion, the fusion of synthetic biology and organoid research represents

a monumental advance in biomedicine, presenting new avenues for studying and

manipulating organoids. This intersection is poised toreshape our understanding

of human biology and disease, paving the way for transformative clinical applica-

tions and developments in biomedical research.

ORGANOIDS: REVOLUTIONIZING THE LANDSCAPE OF TOXICOLOGY

RESEARCH

Toxicology research, which is instrumental in evaluating the safety of pharma-

ceutical drugs, industrial chemicals, cosmetics, and food addi tives, has tradition-

ally relied on animal models and two-dimensional cell cultures. The application of

organoidsin toxicology allows the exploration of tissue-specific responses totox-

icants, which was hitherto impossible with the above traditional methods.147 The

primary use of organoid models in toxicology lies in drug development and

toxicity testing.148 Conventional in vitro and animal models frequently fail to pre-

cisely forecast toxicity in humans, causing late-stage drug failures and unfore-

seen adverse effects after market release. However, the ability to generate orga-

noids that mimic the complexity and functionality of human organs presents

new opportunities for understanding toxicity mechanisms at a cellular and mo-

lecular level. The significant contributions of organoids to toxicology include their

use in drug-toxicity testing, where liver organoids have aided in predicting drug-

induced liver injuries—a major cause of drug withdrawal from the market.149

Liver organoids have proven to be a valuable in vitro tool for drug testing,

including toxicity assessment.
150

Another study discusses the potential of using

human   PSC-derived   organoids   for   high-fidelity   drug-induced liver injury

screening.151 Moreover, organoids derived from pluripotent or tissue-resident

adult stem cells can self-organize into three-dimensional structures, closely mir-

roring the in vivo architecture and functionality of various organs.
152

This ability

allows organoids to mimic the effects of toxin damage on specific tissues,

providing platforms for the specialized study of toxicity pathways. For instance,

brain organoids comprising various neuronal and glial subtypes facilitate the

analysis of the  neurodevelopmental  and  neurodegenerative  effects  of  drug

toxicity.153 Likewise, intestinal organoids have been utilized to study gastrointes-

tinal toxicity, such as the mucosal damage induced by compounds like non-ste-

roidal anti-inlammatory drugs.154 In addition, the creation of patient-specific or-

ganoids  exhibits  tremendous potential in personalized  medicine.148 These

organoids can help define individual susceptibility to various toxins, which could

transform toxicity testing by facilitating personalized risk assessment and inter -

vention strategies (Figure 5A).

The potential application of organoid models extends further to the field of

environmental toxicology. Organoids facilitate research on how environmental

toxins affect human health.148 For instance, lung organoids have been

used to study the impact of air-pollution particles on lung tissues, providing

a realistic representation of human lung exposure to environmental hazards

(Figure 5B).155

Technological   advances,    including microluidics   and    high-throughput

screening systems, promise a bright future for organoids in toxicology. Microlui-

dic platforms can provide increased control over the organoid microenviron-

ment,156 fostering the examination of dynamic processes and cell interactions

(Figure 5C). High-throughput screening systems can expedite the testing of

numerous compounds, enabling efficient and cost-effective toxicological assess-

ments. The incorporation of multiorganoid systems also shows great promise.

By  amalgamating  different  types  of organoids, researchers can construct

more intricate and interconnected models to simulate the interaction among or-

gans in the human body.157,158 The system was able to demonstrate drug meta-

bolism, interorgan crosstalk, and adverse drug reactions, offering a comprehen-

sive assessment beyond what single-organ models can provide.159 This strategy

can enrich our understanding of systemic toxicity and the effects of toxins on

multiple organs. Moreover, organoid engineering can help overcome some of

the limitations of current organoid models. By incorporating additional cell types,

such as immune or vascular cells, researchers can increase the physiological

relevance of organoids and simulate the responses of human tissue to toxi-

cants.147 However, organoid models pose substantial challenges due to their

complexity and variability. The differentiation of organoids into multiple cell types

can luctuate, leading to inconsistent study results.160,161 Additionally, the lack of

vascularizationin organoidscan impede toxin delivery, skewing the interpretation

of toxicological results.147
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Figure 5.   Organoids : Transforming the field of toxicology research (A) Organo ids represent a significant advancemen t in accurately predicting human reactions to common items,

surpassing the reliabi li ty of conventional models. Stem cell-derived organoids provide a more precise reproduction of human tissue structure and physiological reactions, making

them suitable for assessing the safety of common consumer goods. (B) The environmental sentinel: organoids detecting global toxic threats. Organoids serve as powerful tools for

detecting environmental toxins, including those affecting the brain. (C) Toward a comprehensive human model: mult iorgan chips for effective toxicology. Microluidic platforms and

multio rgano id systems are at the forefront of simulating complex human physio logy.

of any therapeutic intervention. The advantages of organoids in drug responses

can even be applied to clinical trials of new drugs.81,178 Clinical trials are the

bottleneck of drug development, with significant time and resource investments

followed by high failure rates. Organoids have the potential to increase the suc-

cess rate of clinical trials by providing a more accurate representation of patients,

diseased tissue and predicting their responses to specific therapies.179 Organo-

ids derived from patients enrolled in a trial could be used in parallel to evaluate

drug responses, helping to adapt or modify the trial,s course in real time. This
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models offer a multifaceted approach to understanding complex diseases and

have therefore been particularly useful in studying developmental and genetic

diseases (Figures 6A and 6B).

Ex vivo modeling of complex diseases in organoids, aided by advanced gene-

editing techniques, represents a cost-effective and ethical alternative to tradi-

tional drug-development methods. Organoids accurately replicate human

physiology, thereby reducing the time and costs associated with drug discovery

(Figure 6C) .189 Their utility in academic research and clinical application is signif-

icant, offering the potential to revolutionize the field and pave the way for more

efficient therapeutic advancements.

ORGANOIDS ADVANCE BIOMEDICAL FIELDS ACROSS THE BOARD

The field of biomedical research has achieved a significant leap forward with

the advent of organoid technology. Their versatility and adaptability make thema

valuable tool for a wide range of research applications, with the potential to

reshape therapeutic approaches to a range of clinical challenges (Figure 7A).

The promise of organoids is particularly palpable in the realm of diabetes treat-

ment. Researchers are abuzz regarding the creation of islet-like organoids that

respond  to  glucose,  which  herald a potential paradigm shift in diabetes

personalized approach to clinical trials holds great promise for improving patient

outcomes and reducing the time and cost associated with drug development.180

The aim of personalized medicine is to tailor treatments to individual patients

based on their genetic and physiological characteristics. In oncology, patient-

derived tumor organoids can be used to screen for effective chemotherapy

agents, thereby personalizing treatment plans.180–183 The  ability to evaluate

drug responses in patient-specific organoids holds great promise for improving

treatment outcomes and reducing adverse effects. Immunotherapies have revo-

lutionized cancer treatment, but their efficacy varies among patients. Organoids

constitute a powerful platform for studying the immune microenvironment and

developing novel immunotherapies.184,185 Researchers can assess the efficacy

of immunotherapeutic treatments by coculturing organoids with immune cells,

such as tumor-infiltrating lymphocytes.184 The study of tumor-infiltrating lym-

phocytes within organoids has also introduced new avenues for personalized im-

munotherapies tailored to the specific immunological landscape of each pa-

tient,s tumor.186,187 The ability to model complex diseases ex vivo has been

significantly advanced by the advent of organoid technology and gene-editing

techniques. For instance, CRISPR-Cas9 has been instrumental in creating lung

cancer models by introducing specific mutations into lung organoids.188 Such

Figure  6.   The organoid epoch: A paradigm shift in drug development (A) Organo id techno logy: advancing drug development across all stages. Organo ids are crucial in inluencing

the drug-development sector, providing extensive assistance throughout the entire process. (B) The various applications of organoid models in biological research. Organoids play a

pivotal role in the drug-development industry, offering a wide range of applications that streamline and enhance the process. (C) Comparing the cost and time efficiency of drug

development: traditional methods with organoid-based approaches. Organo ids represent a fundame ntal change in medication development, providing notable benefits compared to

conventional approaches.
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Figure 7.   The multifaceted impact of organoid technology in biomedical science (A) The domain o f biomedical research has experienced a substantial advancement with the

introduction of organo id techno logy. The valuable attributes of versatility and adaptabi li ty possessed by these tools render them highly useful in a diverse array of research appli-

cations. Consequently, they hold great potential for revolutionizing therapeutic strategies aimed at addressing a wide range of clinic al difficulties. (B) The application of organoids has

greatly expanded the scope of disease inquiry. Technological advancements have made it possible to explore scientific realms that were previous ly inaccessible, especially when with

regard to situations that are unique to humans.

management.190 These organoidshouse a diverse array of cells: insulin-produc-

ing β cells, glucagon-producing a cells, somatostatin-producing δ cells, and

pancreatic polypeptide-producing g cells.191 Their efficacy was tested by trans-

plantation into diabetic mice,
192

where these organoids mimicked native pancre-

aticβ cells, releasing insulin in response to blood glucose luctuations and stabi-

lizing glucose levels. Despite the promise of this approach, challenges remain,

such  as  scaling  up  organoid production and maintaining  their long-term

functionality.

Regenerative medicine, which is synonymous with restoration and healing,

has found in organoids a robust and versatile ally.125 These structures are pio-

neering advancesin tissue repair,50,53,193,194transplantation, and overall regener-

ative  strategies.53 In  inlammatory  bowel  disease research, organoids  are
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providing insights into  tissue-regeneration   mechanisms, paving  the   way

for innovative treatments.125 Organoid transplantation is also presenting new

possibilities. A prime example is the transplantation of human intestinal organo-

ids into mice,195 which resulted not only in the successful integration of the

organoids  but  also in physiological improvements   in  the recipient mice.

Similarly, research into human kidney organoids transplanted into rats has

shown promising results,196,197 including enhanced vascularization and func-

tion. Such studies hint at a future in which organ transplant waiting lists could

be significantly  reduced, with  organoids  serving  as  a  viable  alternative.  In

biobanking, organoids are revolutionizing the collection, preservation, and utiliza-

tion of normal and pathological specimens, improving disease modeling and

drug screening.198 Organoids also enable the preservation and study of viruses

or microorganisms that are difficult to culture in traditional cell lines, providing

more accurate models for research on tropism and immunity induction.199—201

The  intersection  of organoids and infectious  disease research is also

particularly compelling. Organoids offer a dynamic platform for studying host-

pathogen interactions, paving the way for deeper insights and innovative treat-

ments.202—204 For instance, organoids have been pivotal in the study of respira-

tory viruses.205 Their application in research related to inluenza and respiratory

syncytial virus isjust the tip of the iceberg.204 However, research on SARS-CoV-2

is where the potential of organoids is truly showcased.206—209 Researchers have

used lung and intestinal organoids to gain a nuanced understanding of how the

virus invades human cells.210—213 These studies are revealing vital data about

viral entry, replication, and spread. Furthermore, organoids provide a platform

for testing potential drugs against the virus, accelerating the drug-discovery pro-

cess.214,215 Beyond viral infection, organoids have a role to play in bacterial and

parasitic infection research.202,216 Their three-dimensional structure, mirroring

that of human tissue, offers a unique environment to study the dynamics of bac-

terial infections ata cellular level. Additionally, in parasitic research, organoids are

illuminating host-helminth interactions,
217

unveiling the intricate relationships

between parasites and their human hosts.

Moreover, organoid models are a powerful tool for studying female fertility and

reproductive biology. These organoids, derived from tissues in the female repro-

ductive tract, enable research on normal reproductive processes and pathologies

such as endometriosis,   endometrial cancer, and ovarian cancer.156,218—220

Ovarian organoids facilitate the investigation of oocyte growth and maturation

along with  hormonal  stimulation  responses.220 Fallopian  tube,  endometrial,

and cervical organoids are utilized to study various aspects of female reproduc-

tive health, including the development and function of the fallopian tubes, the

menstrual cycle, endometriosis, endometrial hyperplasia, cervical clear cell carci-

noma, and the impact of infections such as Chlamydia trachomatis and human

papillomavirus. Additionally, organoids derived from pathological tissues have

aided in understanding reproductive disorders and have been valuable for drug

screening.156,218,220 Organoids also model early developmental events, such as

implantation, and can be used to investigate interactions between different cell

types such as trophoblast cells and the maternal decidua. Recent studies have

also involved the development and characterization of trophoblast organoids

and decidual organoids from human placental samples, which serve as models

to study the maternal-fetal interface.221 These organoids have been used to

investigate innate immune signaling and the differential antiviral defenses pre-

sent at the maternal-fetal interface. Moreover, organoids have been employed

to study the effects of environmental toxicants on female fertility and reproduc-

tive health.
219

They offer a physiologically relevant and controlled system for the

examination of intricate cellular processes within acontextually appropriate envi-

ronment, offering the potential to revolutionize thefieldof reproductive medicine.

Duchenne muscular dystrophy, a debilitating genetic disorder, is also the sub-

ject of promising advances due to organoids. Using gene-editing technologies,

researchers have been able to correct genetic mutations in iPSC-derived muscle

cells, which constitutes a monumental advance in the development of effective

treatments for Duchenne muscular dystrophy (Figure 7B).82,83 Organoid-based

research has also enabled the development of innovative therapeutic strategies

for  retinal  diseases,  which  have  historically been  challenging  to  treat.84,85

Leveraging organoids, scientists have been able to explore the potential of

gene augmentation therapy using systems such as CRISPR-Cas9. One notable

success has been the promise shown in treating Leber congenital amaurosis, a

severe form of inherited blindness: targeted gene therapies have demonstrated

potential in restoring vision.83

In summary, the versatile applications of organoids are undeniablysetting the

stage for groundbreaking advancement in biomedical research. As we continue

to harness their potential, the bridge between laboratory-based discoveries and

real-world clinical applications is becoming more robust. The future promises

a new era of personalized medicine with organoids at its core, offering hope

for myriad clinical challenges.

TECH-INFUSED ORGANOIDS: THE NEW VANGUARD OF BIOMEDICINE

Recent technological advances are further empowering organoid systems and

enabling the derivation of new biological insights. New tools in single-cell omics,

imaging, genetics, and AI are being integrated with organoid platforms. Single-

cell RNA sequencing (scRNA-seq) and other omics tools enable the high-resolu-

tion dissection of organoid composition and function (Figure8).222 Advanced im-

aging techniques allow the dynamic visualization of organoid morphogenesis

and cell-cell interactions.223 AI and machine learning provide computational po-

wer to extract complex patterns and build predictive models from multidimen-

sional organoid data.224 The integration of organoids with these emerging tech-

nologies has created a new generation of “organs-on-chips” that recapitulate

tissue- and organ-level physiology in unprecedented detail.225,226

Genetic engineering in organoids is a rapidly advancing field that combines or-

gan-like complexity with molecular precision. Methods such as viral (retroviral,

lentiviral, adenoviral) and nonviral (electroporation, lipofection) delivery systems

enable gene manipulation in organoids,227 and CRISPR-Cas9 is revolutionizing

precise  gene  editing.228 RNA  interference is also used  to modulate gene

expression.227

Organoids are vital in high-throughput screening for assessing cell viability and

metabolic activity. Enzyme-linked immunosorbent assays quantify biomarkers,

while image-based profiling techniques such as epiluorescence and confocal

microscopy are used to analyze organoid morphology and functional changes

after treatment.163,229 High-content analysis dissects developmental processes

and disease progression at the cellular level, integrating omics data and multidi-

mensional imaging for a comprehensive view of organoid responses to drug

treatments. z-stack imaging provides a complete cross-sectional view of three-

dimensional organoids, increasing the accuracy of drug efficacy and toxicity

assessments.229 Computational methods model cellular interactions and biome-

chanical properties in organoids, facilitating the optimization of culture condi-

tions and the prediction of drug-treatment outcomes.230 Human liver organoids

derived from PSCs have been successfully used to model drug-induced liver

injury, aiding in antifibrosis drug screening and the identification of compounds

with significant antifibrotic effects, such as SD208 and imatinib.230

The integration of single-cell omics and organoid technologies has signifi-

cantly advanced our understanding of organ development, disease mechanisms,

and potential therapeutic approaches. This synergy has been especially effective

in the field of neurobiology and brain organoid research. Fleck et al. investigated

the gene-regulatory network underlying human cerebral organoid development

and used multiomics single-cell data to develop an algorithm called Pando to

infer the gene-regulatory network, thereby revealing the involvement of different

transcription factors at various stages of cerebral organoid development. Their

research emphasizes the conservation of developmental programs across spe-

cies and the predictive capability of multiregion human cerebral organoids as

model systems.231 Vento-Tormo emphasized the revolutionary upgrade that or-

ganoid technology,232 combined with single-cell profiling, has brought to the field

of human development. This combination allows a deeper understanding of cell -

cell communication and cellular heterogeneity, as evidenced by the work of

Camp et al. in studying human liver organoids using scRNA-seq.232 Yin et al.

further elaborated on the strengths of combining scRNA-seq and organoid tech-

nologies, highlighting applications such as the discovery of novel cell types and

gene markers, the recapitulation of cellular heterogeneity, the delineation of cell-

differentiation pathways, and the modeling of diseases.233 Single-cellomics tech-

nologies also enable the  high-resolution  dissection  of cellular  heterogeneity

within organoid systems. scRNA-seq has been transformative in decoding orga-

noid composition and identifying novel cell states. For example, scRNA-seq was

used to map the cell lineages and transitional states in intestinal organoids, re-

constructing the  differentiation trajectories from  stem  cells to  all  intestinal

epithelial cell types.
222

In patient-derived organoids, a recent study adopted an

integrative approach combining scRNA-seq, epigenomic single-nucleotide poly-

morphism   (SNP)-to-gene   mapping,   and   genome-wide   association   study
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Fi gu re  8 .   T e c h- i nfu s e d  o rga no i d s :  T he  c u t ting-edge

advancement in biomedicine Organo ids are now be-

ing enhanced with cutting-edge technical advance-

ments. The integration of several disciplines in joint

efforts has led  to the development of organoids

that are equipped with cutting-edge techno logy. This

advancement  holds  the  potential  to  bring  about  a

significant transfo rmation in the field of biomedicine.

Beyond merely visualizing images, AI can concur-

rently reconstruct multiple parameters from mul-

tiomicsdata in organoids. These data are then in-

tegrated with complementary datasets, such as

functional metricsand patient records, all derived

from the same experimental conditions. The re-

sulting repository is a large multimodal database.

AI algorithms sift through this complex data to

identify  patterns and correlations, elucidating

connections within diverse multiparametric infor-

mation that may be challenging for human ana-

lysts to interpret. Overall, the integration of orga-

noids with AI and deep learning constitutes an

exciting new frontier.

The integration of organoids with microluidics

and sensors has enabled the development of “or-

gans-on-chips” that recapitulate key aspects of

human tissue physiology in vitro. These biomi-

metic systems incorporate organoids into micro-

engineered devices with tissue-tissue interfaces,

luid low, and real-time monitoring to model or-

gan function and disease.225 One example is 

the gut-on-a-chip, which combines intestinal or-

ganoids with a microluidic device lined by endo-

thelial and immune cells to model the intestinal

epithelium.  This system faithfully reproduces

the microenvironment  of the   living intestine,

including peristalsis-like motions and cyclic strain from breathing. Using this

model, researchers showed that cyclic strain promotes intestinal stem cel l differ-

entiation and epithelial permeability. Thus, the gut-on-a-chip provides a powerful

platform to study intestinal absorption, inlammation, gut-microbe interactions,

and more.239—241 Another study by Campisi et al. presents a three-dimensional

self-organized  microvascular  model  of  the  blood-brain  barrier  using  human

iPSC-derived endothelial cells,  brain pericytes, and astrocytes  in a fibrin gel.

This microluidic system replicates in vivo neurovascular organization, exhibiting

lower permeability than conventional in vitro models, and thus provides a phys-

iologically relevant and robust platform for drug discovery and the prediction of

neurotherapeutic transport efficacy.242 Hajal et al. developed a human blood-

brain barrier model within microluidic devices by incorporating endothelial cells,

brain pericytes, and astrocytes in a three-dimensional gel matrix. This model

forms three-dimensional vessel architectures that resemble the natural blood-

brain barrier, with gene-expression profiles and permeability values comparable

to those observed in vivo.243 Accordingly, this blood-brain barrier model facilitates

the quantitative assessment of molecular permeabilities and is suitable for use in

both academic and industrial research to predict transport across the blood-brain

barrier. These studies exemplify significant advances in organ-on-a-chip technol-

ogy, specifically in modeling the blood-brain barrier.244 This  progress  under-

scores the potential of organ-on-a-chip technology to revolutionize biomedical

research and therapeutic development.

Another exciting emerging application of organoids is the modeling of neural

networks for  biocomputation.  Like  their  in  vivo  counterparts, the organized

neuronal networks generated within brain organoids can perform specialized in-

formation processing.245 Researchers now plan to develop brain organoids that

can serve as “biocomputers” for tasks such as pattern recognition and classifica-

tion.246 In one pioneering study, a proof of concept of using brain organoids for

biosensing and biocomputation was demonstrated. A recent publication in the

journal Neuron revealed groundbreaking research conducted by Brett  Kagan

summary statistics to deduce the cellular subtypes and molecular pathways by

which genetic variants affect disease phenotypes.
234

In summary, the integration

of single-cell omics with organoid technologies provides a robust platform for

modeling organ development and diseases. This combination has proven effec-

tive in revealing the cellular and molecular intricacies of organogenesis and dis-

ease pathogenesis.235 These advancements not only deepen our understanding

of human biology but also pave the way for the development of novel therapeutic

strategies.

The field of single-cell omics faces challenges in data interpretation due to the

complexity of merging high-dimensional single-cell data with spatial information.

The integration of AI and deep-learning algorithms can help streamline this pro-

cess, enabling the identification of intricate patterns and interactions that are not

easily discernible through traditional methods. Combining organoids with AI and

deep learning enables innovative approaches to analyzing complex biological da-

tasets and constructing predictive models. Organoids produce extensive multidi-

mensional data, including cellular imaging, omics profiles, phenotypic readouts,

and time series, and AI offers the computational power to extract meaningful pat-

terns from this data overload.236

One major application is automated image analysis using convolutional neural

networks, which can segment and classify cells in organoid imaging data orders 

of magnitude faster than human annotation.237 AI also enables phenotypic

profiling from images. A deep-learning model was trained to predict the emer-

gence of retinal tissue morphology and cell types in optic cup organoids over

time.238 In the absence of reliable markers for assessing organoid vitality, re-

searchers  recently  devised  an  innovative  approach using  AI algorithms  to

analyze a spectrum of phenotypic parameters. Remarkably, the AI-driven method

can ascertain organoid aging solely through bright-field imaging. This approach

eliminates the cumbersome steps of preparing single-cell suspensions and per-

forming senescence-associated β-galactosidase staining, thereby streamlining

quality control processes and  making  biobank operations  more efficient.224
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and his team at Cortical Labs, demonstrating that organoid neural networks

cultured in vitro can learn to play the classic arcade game Pong.247 These so-

called mini-brains, composed of interconnected neural cells, exhibit the ability

to perceive and interact with their surrounding environment. Utilizing a computer

interface, the neural networks were trained to detect the position of the game’s

digital sphere and  manipulate a virtual  paddle accordingly.  Remarkably, the

assemblage of brain cells acquired this skill within 5 min. Biocomputing with

brain organoids could potentially be faster, more efficient, and more powerful

than silicon-based computing and AI, requiring only a fraction of the energy.248

This technology could enable brain-inspired AI and powerful models for studying

neural information processing.

Looking forward, the  integration of organoids with  new technologies has

immense potential to transform biomedicine and human health. Such advances

could power a new generation of preclinical disease models for drug screening,

enable regenerative therapies using laboratory-grown tissues, and provide plat-

forms for precision medicine. Realizing this potential will require collaborative

multidisciplinary efforts at the intersection of stem cell biology, bioengineering,

and data science. An exciting future lies ahead as organoids and emerging tech-

nologies combine to elucidate human biology in unprecedented detail.

CONCLUSION AND OUTLOOK

The advent of organoid technology marks a watershed in biomedical research,

transcending previous boundaries of scientific inquiry. This innovation has revo-

lutionized our understanding of human biology and introduced unprecedented

avenues in disease management, addressing obstacles once considered insur-

mountable. At the cusp of this burgeoning field, the possibilities seem limitless,

with organoid technology poised to reshape healthcare, research methodologies,

and ethical considerations concerning human life.

Throughout this review, we have highlighted the multifaceted impact of orga-

noids, emphasizing their utility in personalized medicine, drug discovery, and dis-

ease modeling. The bespoke nature of organoid systems, particularly patient-

derived organoids, has introduced a new era of precision in biomedical research.

By closely mimicking the intricate architecture and functionality of human or-

gans, organoids offer a more representative model for human physiology and pa-

thology, surpassing traditional in vitro and animal models. The capacity of orga-

noids to replicate complex biological processes, such as the tumor immune

microenvironment and host-pathogen   interactions,   positions them   as a

vanguard in further elucidating disease mechanisms and therapeutic responses.

Looking to the future, the integration of organoids with cutting -edge technolo-

gies such as synthetic biology, AI, and gene editing heralds a transformative

phase in biomedical innovation. This synergy holds promise for unlocking new

therapeutic pathways, advancing drug development, and providing profound

new insights into complex diseases. The potential of organoids to serve as plat -

forms for rapid drug testing and functional experimentation, coupled with their

compatibility with gene-editing techniques, signifies a quantum leap in medical

research.

In summary, organoid technology stands at the forefront of a revolution in the

biomedical field. Its impact on human society will be profound, and its future ap -

plications appear boundless. As researchers and clinicians continue to harness

the power of this technology, we anticipate a future replete with groundbreaking 

discoveries and innovative treatments that will ultimately reshape our approach

to understanding and curing human diseases.
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ABSTRACT

Surgery  is  the  primary  treatment  for skin  tumors,  but  it  can  result  in  scarring  and  distress  for  patients.  Developing

alternative therapeutic methods necessitates suitable in vitro models, which are currently limited in accurately

representing the in  vivo  cell types and  microenvironment  of skin tumors.  Here, we  present  a  practical  approach for

creating  patient-derived  skin  tumor  organoids  that  effectively  replicate  the  histological  characteristics  and  mutational

profiles observed in clinical tissues. Utilizing single-cell sequencing, we identified up to 11 distinct cell types within the

organoid  samples,  encompassing various skin system cells and immune cells.   Furthermore,  we  demonstrate the

applicability  of  bermatofibrosarcoma protuberans (DFSP) organoids  for assessing their responses to imatinib and

metformin. Our findings reveal that metformin, in contrast to imatinib, can modulate the expression of downstream genes

through immune signaling pathways. Our results underscore the ability of DFSP organoids to preserve key features of

clinical tissues, including the presence of multiple cell types, especially immune cells. Importantly, our organoids provide a

convenient approach for investigating the effects of drugs and elucidating underlying molecular mechanisms.

KEYWORDS

skin tumor, keloid, dermatofibrosarcoma protuberans (DFSP), patient-derived organoid (PDO), drug screening, immune

cells therapy, metformin, imatinib

pathogenesis   of  various   skin   diseases,   contributing   to   both

inflammatory and autoimmune conditions[7-9]. The establishment

of a  useful  in   vitro   skin  tumor  model incorporating original

immune cells may provide insights into the complex interplay

between the skin and the immune system, unraveling the

mechanisms   underlying    skin tumors,    and   facilitating    the

development ofeffectivetherapeutic strategies.

Dermatofibrosarcoma protuberans  (DFSP) is an uncommon

cutaneous   sarcoma with   a high local recurrence rate, low

metastatic rate, and low mortality, and its incidence has remained

stable over the years[10]. Both Mohs surgery and wide local excision

(WLE) are  viable surgical options for treating   DFSP.  Mohs

surgery may minimize reconstruction needs due to smaller

Introduction

Surgical  intervention  remains  the primary treatment for skin

tumors,  despite  its  potential  to result in scarring and patient

distress. The   development of  alternative  therapeutic methods

necessitates suitable in vitro models, which are currently limited in

accurately representing     the     in       vivo       cell     types     and

microenvironment of skin tumors. The skin serves as a crucial

barrier between the body and the external environment, playing a

pivotal role in protecting against pathogens and environmental

insults[1-3]. The intricate network of immune cells residing in the

skin, plays a central role in maintaining skin homeostasis and

defending against pathogens[4-6]. In addition to their role in

protection,  immune  cells  in  the  skin  are  also  involved  in  the
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pharmacological benefits and toxicity risks for each patient must

be evaluated[23].

In our study, we present a rapid method for the generation of

skin tumor organoids without the use of enzymes or Matrigel.

Our  organoids  exhibited  proliferative capacity across multiple

generations, reaching a substantial volume comparable to 2 mm3.

Histological and genomic analyses revealed the resemblance

between the organoids and clinical tissues. Single-cell sequencing

data identified 11 distinct cell types  within   the skin tumor

organoids,  encompassing  immune cells and various skin cell

types. RNA sequencing of four distinct DFSP organoids further

confirmed the diverse cell populations within our cultured

organoids. Additionally, we evaluated the responsiveness of our

organoids to imatinib and metformin, both of which effectively

inhibited the growth of DFSP organoids. Notably, metformin was

found to modulate the expression of immune signaling pathways.

Collectively, these findings underscore the potential utility of our

patient-derived   skin tumor   organoids for drug testing   and

mechanistic studies.

Results

Culture  of  skin tumor organoids from patient tumors

without enzymatic dissociation

In  order  to  maintain  the  native  micro-environment  of tumor

tissues, and to decrease the risk of clonal selection of specific cell

populations,  we  developed  a method to generate skin tumor

organoids without enzymatic dissociation of tumor tissues into

single  cells  (Fig. 1a).  Furthermore,  we  did  not  use  Matrigel  or

other biomaterials to support organoid growth, the skin tumor

organoids were cultured either suspend or adherent or both in the

culture medium. Freshly resected skin tumor tissue was collected

from patients after surgery with full informed consent (Fig. S1(a)

in  the  Electronic  Supplementary Material (ESM)). The tissue

samples were soaked in a washing solution for 3 minutes and then

transferred  to a 50  mL centrifuge tube for three rounds of

washing. After decanting the excess liquid, the tissue blocks were

placed  in  a   10  cm culture dish, and   100–200  µL of  culture

medium was added. The tissue blocks were then cut into

approximately 0.5–1 mm3 microtissue blocks and transferred to a

new 10 cm culture dish, with 1 mL of culture medium added to

resuspend  the   microtissue  blocks.   Finally, 15 mL of  culture

medium was added to maintain the organoid culture  (Fig. 1a).

Image  records  were taken for each skin tumor organoid to

observe morphological differences among patients. A total of 10

tumor samples detected on skin were collected after surgery from

the  center  part of  lesion  area, including 2 keloid patients,   1

melanoma patient, 1 malignant schwannoma patient, and 6 DFSP

patients (Figs. S1(a) and S1(b) in the ESM). Due to the rarity of

DFSP, a skin cancer with no reliable in  vitro  study method, we

focused on the culture and characterization of DFSP organoids in

our subsequent study.

To evaluate the growth characteristics of  organoids from

different patients, images were captured at various time points

(Fig. 1b and Fig. S1(c) in the ESM). Once the organoid volume

reached 2 mm3 or the margin became smooth, we sub-cultured

large organoids into smaller ones using a mechanical dissociation

method (Fig. 1a). Quantitative analysis of organoid volumes using

ImageJ revealed proliferative capacity in both P0 and P1 (Fig. 1c).

average defect sizes and may result in fewer complications, but

may  also  result  in  asymmetry.  Immediate  flap  reconstruction,

especially in larger defects, can achieve aesthetic results for DFSP

patients without  compromising    the    detection    of   disease

recurrence[11–13]. Given the high recurrence rate of DFSP and its

low mortality, the    development    of   alternative    treatment

modalities,   such    as    systemic (oral)   or    localized    (topical)

pharmacotherapy, is of paramount importance to enhance clinical

outcomes. However, the research on in vitro models for DFSP is

still insufficient[14]. Recently, some novel patient-derived models

have been established. Two cell lines, NCC-DFSP1-C1 and

NCC-DFSP2-C1,  were  derived  from  two  patients  with  DFSP.

These cell lines preserved the unique collagen type I alpha 1 chain

(COL1A1) -PDGFB translocation characteristic of DFSP, which

causes constitutive activation of the platelet-derived growth factor

β (PDGFB) signaling pathway. In vitro screening studies identified

anticancer    drugs    that    showed    antiproliferative    effects    at

considerably low concentrations in the DFSP cell lines. These cell

lines could be used for developing novel therapeutic strategies to

treat DFSP[15]. Although some progress has been made, there is still

an urgent need to develop an  in vitro  three-dimensional  (3D)

model  for  DFSP  including the  immune  microenvironment  in

order to better understand the biology of this disease and develop

effective treatment methods.

In  the  field of  cancer research, organoids, also known as

tumoroids, serve as an important component for the discovery of

potential therapeutic targets and the identification of  novel

compounds
[16]

.   They have   been   shown   to   more accurately

recapitulate    the     structures,    specific     functions,     molecular

characteristics, genomic alterations, expression profiles, and tumor

microenvironment   of   primary  tumors   [17].   Patient-derived

organoids  (PDOs)  have been  used as a tool for personalized

medical  decisions  to  predict  patients’responses  to therapeutic

regimens and potentially improve treatment outcomes
[18]

. In skin

tumor   study,    researchers    used   hydrogel-based    engineering

techniques to develop patient-specific sarcoma organoids,

including DFSP
[19]

. The organoids were screened     for

chemotherapy efficacy,   and   a   subset   was   enriched   with   a

patient-matched immune system for screening of immunotherapy

efficacy.  The  study  concluded  that a large subset of  sarcoma

organoids does not respond to chemotherapy or immunotherapy,

as seen in clinical practice
[19]

. Specifically, skin organoids can not

only highly simulate the physiological structure and function of

skin tissue, better restore the real skin ecology under different in

vitro   environments,  but  also  be applied to skin development

research, skin disease pathology research and drug screening and
other fields[20,21].

Imatinib, a tyrosine kinase inhibitor, has been identified as a

safe and effective treatment for DFSP[22]. It has shown significant

efficacy   in   advanced   cases   of   DFSP,   reducing   tumor   size

preoperatively and lessening  surgical morbidity associated with

the removal of residual DFSP[23]. The drug works by targeting the

COL1A1-PDGFB   fusion   gene,    a   result   of   the   distinctive

rearrangement  of  chromosomes 17  and  22  that  underlies  the

development of  DFSP[24]. However, the use of  imatinib as a

neoadjuvant therapy, aimed at reducing tumor size for complex

surgical cases, requires careful patient selection and consideration

of potential risks and benefits, especially when the tumor is in a

cosmetically or functionally significant area or when incomplete
excision could lead to high local risk. Despite imatinib’s

general    tolerability    and    favorable    therapeutic    index,    the
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Figure 1.   Culture and characterization of  skin  tumor  organoids. (a)  Schematic  diagram of organoid culture and passaging process. (b) Growth records of

organoids from different patients, with organoids at P0 on the left and at P1 on the right; scale bar = 200 μm. (c) Statistical chart of organoid growth volume at 

different generations. (d) Bright–field images of DFSP organoids at different generations from P0 to P3; scale bar = 200 μm. (e) Comparative histological images of 

clinical tissue and organoids stained with H&E staining; scale bar = 50 μm.
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our organoid samples (Fig. 3a)[26]. These cell types encompassed

common  skin  system  cell  types  such  as endothelia,  fibroblast,

glandular, keratinocyte, melanocytes, and muscle fiber, as well as

immune cells like lymphatic endothelia, mast cells, and T cells.

Examination of  the single-cell data from the four organoid

samples individually revealed an abundance of fibroblast cells in

the DFSP organoids, while immune-related cells were relatively

scarce. Conversely, the keloid organoids displayed a higher

presence of keratinocyte and T cells, indicating diverse immune

microenvironments in cultured organoids from different diseases

(Fig. 3b). Furthermore, weighted gene co-expression network

analysis (WGCNA)  of  gene expression in  keloid and DFSP

organoids  demonstrated  unique  gene  expression characteristics

for each patient (Figs. S2a and S2b in the ESM).

Cell-type   heterogeneity   and   molecular  signatures   by 

DFSP organoids

To further investigate cell-type heterogeneity in DFSP organoids,

we conducted RNA-seq analysis on four distinct sets of organoids

once  the  cultured organoid size reached 2 mm
3

in  their P0

generation, including SK74, SK75, SK76 and SK77 (Fig. S1b in the

ESM). Each organoid underwent two independent experimental

replicates,  with  the second experiment  including two parallel

controls, resulting in three datasets for each organoid. The

clustering analysis of the RNA-seq data was consistent with our

sample  collection  (Fig. 3d).  Both  principal  component analysis
(PCA)    and    gene    clustering    analysis revealed    substantial

heterogeneity among the four organoids (Figs. 3e and 3f). Upon

annotating  the  RNA-seq data with network information, the

distribution  of  different  cell  types in the four organoids was

visually discernible (Fig. 3g). For SK74 and SK75, cell-types

distribution results by RNA-seq analysis were similar as the single

cell sequencing results. Notably, the SK77 organoid, collected at

20 days, emerged as the youngest among the group, exhibited a

comparatively higher proportion of each cell type, whereas the

remaining three   organoids   displayed   distinct   dominant   cell

populations (Fig. 3g).   Subsequent WGCNA partitioned the

differentially  expressed  genes  of  the  four  organoids  into  eight

distinct  modules  (Fig. S2c  in the ESM). The gene expression

profiles also demonstrated marked disparities between SK77 and

the other samples. KEGG/GO analysis unveiled the upregulated

signaling pathways in each module (Fig. S2d in the ESM), with the

turquoise module  specifically upregulated  in  the  SK77  sample.

Notably,   the   Defense   response   to virus and Angiogenesis
pathways   were    significantly   upregulated.   A    comprehensive

investigation of key genes in these pathways may yield potential

therapeutic targets  in the  future.  This heterogeneity may stem

from inter-individual variations among patients or differences in

organoids validation time points
[17, 27–29]

.

Imatinib and metformin effectively inhibit the growth of

DFSP organoids

To assess the suitability of DFSP organoids for drug sensitivity

screening and drug discovery, we conducted experiments using

the clinically approved drug Imatinib and the potential anti-cancer

drug  metformin.  Metformin  has been repurposed for several

emerging applications, including as an anti-cancer agent[30]. It has

been  found  to  have  anti-cancer  effects  and is associated with

reduced risk of cancer and decreased cancer-related mortality in

patients with diabetes[31]. Treatment of the organoids individually

The growth curves for SK75 and SK80 organoids were similar in

both generations; however, for SK74 and SK77 organoids, the P0

generation   exhibited    higher    cell   growth    ability    than   P1.

Conversely, for SK76 organoids, the P0 generation showed lower

cell growth ability than P1. Our observations indicated that the

growth speed and maximum volume of cultured organoids did

not correlate with different generations (Fig. 1d).

To determine whether DFSP organoids resemble their clinical

tumor    tissues,     we     conducted    histological     examinations.

Hematoxylin and eosin (H&E) staining revealed cellular types and

distribution within the DFSP  organoids that  closely resembled

those found in clinical tissues (Fig. 1e). Additionally, we observed

morphological inter-patient heterogeneity. DFSP organoids

exhibited spindle-shaped cancer cells (SK75), multiple adipocytes

(SK76), and disordered cells (SK77).

Characterization of genetic mutations between DFSP

organoids and tissues

To assess whether DFSP organoids maintain genomic alterations

of tumor tissues, we performed whole exome sequencing (WES)

of  three pairs   of  samples   (SK74/SK75/SK77) from different

patients (Fig. 2a). The number and locations of genetic mutations

in the exons between their clinical tissues and organoids were

analyzed. The WES results showed around 80% concordance rate

of  mutation   sites between the clinical tissues and organoid

samples from the same patient (Fig. 2b). The organoids ofpatients

SK74   and    SK77   exhibited    more   mutation    sites   (Fig. 2a).

Subsequently, we performed an overlap analysis of mutation sites

from the three different patients (Fig. 2c), and the data showed

that  the  complete  overlap  of  mutation  sites among the three

patients compared to their respective mutation site numbers was

not very high, being less than 40% (Fig. 2d). This result reflects the

sample  heterogeneity  among  different  patients  and  reveals  the

complexity  of the  disease.  According to a  literature reference

describing DFSP gene alterations
[25]

, we extracted the

highly

frequent mutation sites in this disease to create a heatmap and

found that the three patients selected in our study all conformed

to the conclusions mentioned in the published article, and

maintained a high degree of consistency between the organoids

and  tissues (Fig. 2e).  Finally, we also conducted an in-depth

analysis  of our  own  WES  data  to  identify  some  specific  gene

mutation sites, which included both SNPs (Fig.2f) and Indels (Fig.

2g).  These  mutation  proportions  were  consistent  between the

tissues and organoids of the same patient, but were significantly

different among samples from different patients. For example, the

a higher proportion ofIndel mutations in PRSS3 (Figs. 2fand 2g).

Single-cell sequencing data reveals immune cells within

the skin tumor organoids

In order to explore the cellular microenvironment and molecular

characteristics of distinct skin tumors, we conducted single-cell

sequencing  on  keloid  and  DFSP  organoids.  Given  the  similar

appearance  of  keloid  and DFSP patients, which can lead to

misdiagnosis, it was crucial to discern the molecular variances

between them. Organoids were collected from two patients for

each disease once the cultured organoid size reached 2 mm3. By 

comparing our single-cell data from the four organoid samples

with  publicly   available single-cell sequencing data from skin

samples, we were able to identify up to 11 different cell types in
Shi et al. Cell 
Organoid

SNP of PRSS3 was only found in SK74 and SK75, while SK77 had

礼升生物已发表文章



Figure 2.   Comparison of WES data between organoids and tissues. (a) Venn diagram showing WES gene mutation sites in clinical tissue and organoids. (b) High

consistency between clinical tissue and organoids from the same patient, with an overlap rate close to 80% (n = 3, SK74/SK75/SK77). (c) Venn diagram of WES gene 

mutation sites from three different patients. (d) Low overlap rate of WES mutation sites among three different patients, less than 40%, demonstrating patient 

heterogeneity. (e) Consistency between clinical tissue and organoid samples was observed, as reported by Peng et al. in their study on genomic alterations of 

dermatofibrosarcoma protuberans. (f) WES data analysis revealed different mutation sites ofcertain genes among different patients.
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Figure 3.   Diverse cell types in the cultured skin organoids.  (a) Cell type definition based on comparison with public network data. (b) Identification of marker

genes for different cell types. (c) Variation in cell type composition and proportions across the four organoids. (d) Three replicates of each of the four organ types were 

clustered and collected at different time points. (e) RNA–seq data was analyzed using PCA. (f ) Gene clustering analysis was performed on the four organoids. (g) The 

proportions of different cell types varied across the four organ types.

with Imatinib (SK74/SK75/SK76) revealed significant inhibition of

organoid  sphere  enlargement  in SK74/SK75 compared to the

control  group  (Fig. 4a).  Notably,  distinct  phenotypic  variations

were observed under drug inhibition, with SK74 exhibiting rapid
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Figure 4.   Imatinib and metformin effectively inhibit the growth of DFSP organoids. (a) Treatment of three DFSP organoids with imatinib resulted in a noticeable

reduction in organoid sphere volume in two organoids, SK74 and SK75, with no significant effect observed in SK76; scale bar = 200 μm. (b) Statistical line graph 

depicting organoid volume sizes. (c) Record of organoid growth after treatment with imatinib and metformin, showing a significant decrease in the number of 

adherent cells in the drug–treated groups on the thirteenth day; black scale bar = 200 μm; blue scale bar = 50 μm. (d) Statistical bar graph representing organoid 

volume sizes. (e) Bar graph showing the number of adherent cells counted after DAPI staining; scale bar = 200 μm.
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Matrigel for organoid establishment, our culture system requires

only  30  min  to  1  h,  based  on  a  robust  culture  medium  and

mechanical dissociation. The skin tumor organoids demonstrate

consistency  with clinical tissues,   as evidenced  by histological

analyses revealing similar   tissue    architecture    and    cellular

morphologies,     whole-exome     sequencing     confirming      the

preservation of somatic variants at comparable frequencies, and

single-cell sequencing revealing the maintenance of multiple cell

populations.   Furthermore,   heterogeneity   between   patients   is

evident, as observed through single-cell RNA-seq, which identifies

different dominant cell types, and RNA-seq, which demonstrates

diverse  cell  distributions  in  DFSP  organoids.  Additionally,  we

employed DFSP organoids to investigate the functional effects and

genetic mechanisms of imatinib and metformin. Imatinib, a U.S.

Food & Drug Administration (FDA)-approved drug, acts as an

antagonist to inhibit tyrosine kinase, effectively suppressing the

growth of DFSP organoids without modulating the expression of

other genes. Conversely, metformin depresses the proliferation of

DFSP organoids by modulating immune signaling pathways. Our

practical and rapid method for culturing skin tumor organoids

holds promise for advancingdisease drug development.

The generation of traditional cancer organoid models typically

involves the use of enzymatic digestion to dissociate clinical tissues

into single cells, followed by the formation of 3D spheres with the

aid  of Matrigel  or  other  biomaterials,  resembling  the  primary

culture  method[17].  However, recent  studies  have proposed the

establishment of tumor organoids using mechanical methods to

preserve the optimal tumor microenvironment and cell–cell

interactions by separating clinical tissues into small pieces without

enzymatic treatment[32–35]. For instance, the glioma   organoid

(GBO) initiative has successfully created a live biobank of GBOs

from 53 patients with diverse mutational profiles, serving as a

valuable  resource  for  future  biological  studies and therapeutic

testing[32].  Given the  rarity  of DFSP,  sample  collection  poses  a

significant challenge. In our study, we utilized samples from 10

skin  tumor  patients, including 6 DFSP patients. The limited

number of available samples underscores the need to establish a

larger biobank and  information  repository to  comprehensively

capture   underlying   patterns. This approach is crucial for

advancing  our  understanding  of  DFSP and facilitating future

research and therapeutic development.

When establishing a disease organoid model, it is essential to
consider the tissue’s spatiotemporal specificity. Several studies 

have highlighted the spatiotemporal specificity of cancer tissue.

For example, the Marco group has utilized bulk and single-cell

genomic approaches to characterize genetic and transcriptional

heterogeneity  in  glioblastoma  (GBM), patient-derived explants

(PDEs),   and gliomasphere (GS)   lines[33].   Given   the   distinct

distribution  of DFSP  tumor  tissue,  the  generation  of  singular

tumor-specific organoids from the central part of the tumor is

insufficient  for  accurately  depicting  the  complete  landscape  of

disease initiation and recurrence. There is a critical need for more

sophisticated organ models to comprehensively investigate tumor

regions and their surrounding areas. This approach is essential for

gaining a deeper understanding of disease   progression   and
developing more effective therapeutic strategies.

It  is  evident  that organoids  present challenges in terms of

culture  periods  and  consistency  maintenance  as  comparing  to

two-dimensional (2D) primary culture methods and mouse

models.   However,   organoids   can better   mimic the   cellular

microenvironment of tissues compared to 2D cell culture systems,

and  they  more  accurately represent tissue physiology[36]. They

organoid sphere  volume   increase and edge-differentiated cell

morphology in the  control  group.  In  contrast,  SK75  organoid

spheres became more compact with no significant volume

increase, and imatinib led to the appearance of smaller organoid

spheres (Fig. 4b). Furthermore, treatment of the SK77 organoids

with the previously untested drug metformin resulted in effective

inhibition of organoid sphere volume from the sixth day to the

thirteenth day. This was accompanied by a significant decrease in

cell numbers, along with notable changes in cell morphology and

size (Figs. 4c and 4d). Subsequent testing on additional organoids

confirmed the therapeutic efficacy of both drugs after 13 days of

treatment, as evidenced by DAPI staining data of the adherent

cells   (Fig. 4e). These drug experiments provided compelling

evidence that DFSP organoids can serve as a valuable method for

drug sensitivity testing and new drug screening.

Metformin inhibited DFSP organoids via immune related

pathways

Based   on   the   pronounced   phenotypic responses   of   DFSP

organoids  to imatinib and  metformin, we   sought  to further

elucidate    the     molecular     mechanisms     underpinning    the

pharmacological   actions of   these   agents.   To   this   end,   we

performed RNA-seq analysis on collected samples. Following a

similar experimental design to previous studies, we selected four

organoids  (SK74,  SK75,  SK76,  and  SK77)  and  conducted  two

independent experiments, with the second experiment involving

two sets of parallel samples, resulting in three replicates for each

treatment   condition.   Principal    component   analysis    (PCA)

revealed a higher degree of sample consistency compared to the

drug treatment results (Fig. 5a), while gene expression clustering

analysis  further  confirmed  inter-sample  heterogeneity  (Fig. 5b).

Subsequent   Weighted   gene    co-expression   network analysis

(WGCNA)  aimed  to identify shared changes following drug

treatment,    disregarding     inter-organoid     heterogeneity.    We

categorized   downstream   pathway   changes into    six   distinct

modules, and the results indicated that Imatinib treatment

exhibited closer resemblance to the control group, whereas

metformin treatment led to  relatively  substantial  alterations  in

gene expression compared to the control and Imatinib treatment

groups (Fig. 5c). Following metformin treatment, three modules

(yellow, blue,  and  green)  exhibited  marked  upregulation,  with

KEGG/GO analysis revealing enrichment of pathways related to

cell cycle, phagocytosis, B cell activation, P53 signaling, immune

system    development,    and    ERK1/ERK2    cascade     (Fig. 5d).

Concurrently,   three   modules    (red,   turquoise,    and   brown)

displayed    significant    downregulation    following     metformin

treatment,   with   KEGG/GO   analysis indicating   pronounced

downregulation of genes associated with pathways such as DNA

transcription, apoptotic pathway, Innate-immune response, Wnt

signaling, T cell differentiation, DNA replication, and TOR

signaling  (Fig. 5e). We suggested that the upregulated immune

system development and downregulated innate-immune response

after metformin treatment may be a response by the immune cells

maintained in our cultured organoids (Figs. 3c and 3g).

Discussion

In contrast to previously reported tumor organoids derived from

dissociated tumor cells, devoid of red blood cells, our skin tumor

organoids maintain the native cell microenvironment and original

tissue   structure.   Unlike the    complex   procedures   involving
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Figure 5.   Downstream pathways and gene changes in organoids after treatment with imatinib and metformin.  (a) PCA plot of RNA–seq data from four 

organoid samples after drug treatment. (b) Clustering plot of gene expression in three replicates of the four organoid samples. (c) WGCNA analysis conducted to 

identify gene expression differences among the four organ types after treatment with the two drugs. (d) Display of relevant signaling pathways within three upregulated 

modules after metformin treatment. (e) Display of relevant signaling pathways within three downregulated modules after metformin treatment.
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mutations  and   sensitivity  to  targeted therapy. This can help

predict how a patient’s tumor might respond to a particular drug.

PDOs can provide clinicians with a model system to choose the

most effective treatment options for individual patients. This is a

significant step towards personalized medicine. Organoids offer

reproducibility, which is crucial in drug testing. Biobanks can be

generated  for  repeat  study.  Organoids  hold great  promise for

toxicological drug and compound screening and could potentially

reduce  the  use  of non-human  animals  for  the  same  purpose.

Experiments on the effects of imatinib and metformin on DFSP

organoids   provide   valuable   information.   Treatment of   the

organoids  individually with   Imatinib   revealed   inhibition   of

organoid sphere  enlargement  in SK74/SK75 compared to the

control group. Notably, distinct phenotypic variations were

observed under drug inhibition. Treatment of the SK77 organoids

with Metformin resulted in effective inhibition of organoid sphere

volume  from  the sixth day to the thirteenth day. This was

accompanied by a decrease in cell numbers, along with notable

changes  in   cell  morphology  and   size.   Subsequent  testing  on

additional organoids confirmed the therapeutic efficacy of both

drugs after 13 days of treatment, as evidenced by DAPI staining

data  of  the  adherent  cells. These findings suggest  that DFSP

organoids  can  serve  as  a  valuable  method  for  drug  sensitivity

testing and new drug screening.

Methods and materials

Tissue collection

The clinical tissue sample collection methodology adhered to strict

ethical guidelines and standard operating procedures to ensure the

integrity and quality of the collected samples. Key steps in the

methodology included patient identification, informed  consent,

sample collection, processing, storage, and documentation. The

collection  of clinical  tissue  samples  was  conducted  by  trained

medical personnel, following established protocols to minimize

contamination and ensure the preservation of sample viability for

downstream analysis. Additionally, stringent record-keeping and

labeling practices were implemented to maintain traceability and

facilitate accurate data management. All the clinical samples were
collected under  the Shanghai Ninth People’s Hospital ethical

guidelines and were assignedthe ethical code2017125.T321.

Organoid culture

The   tissue   specimens   were   soaked   in   a   washing solution

(LSNO00100201; Shanghai LiSheng Biotech, China) for 3 min

and then transferred to a 50 mL centrifuge tube for 3 rounds of

washing using washing solution. Each wash involved the addition

of 5 mL of washing solution and gentle agitation to cleanse the

tissue surface. After decanting the supernatant, the tissue blocks

were transferred to a 10 cm culture dish, where 100–200 µL of

culture medium (LSTO015004; Shanghai LiSheng Biotech, China)

was added. The tissue blocks were then cut into approximately 1

mm3 microtissue blocks and transferred to a new 50 mL tube.

Following the addition of 1 mL of culture medium to resuspend

the microtissue blocks, they were transferred to  a new  10  cm

culture dish. The remaining tissue was collected and transferred to

a new dish after rinsing with 1 mL of culture medium. Finally, 15

mL of culture medium were added to maintain the organoids

exhibit higher cellular heterogeneity, organization, and tissue-like

structures,  making  them a  more relevant in vitro model for

functional  analyses  and  personalized  therapies[37]. On the  other

hand, mouse models, being the closest to recapitulating human

tissue   functions   and    cellular   interactions,    can   predict   the

development of treatments or diseases. However, they are limited

by differences in species biology, sensitivity variations, high

maintenance costs, and limited throughput. In contrast, 2D

monolayer cell cultures, while more basic than animal models,

provide insight into complex diseases with low cost, time

efficiency,  and  high reproducibility. Nevertheless, they fail to

recapitulate the complexity of the in vivo microenvironment due

to the absence of an extracellular matrix (ECM), hindering the

natural development of cells and tissues[38]. However, the choice of

model  often  depends on  the specific research question being

addressed.     Additionally, these      models     can      be     used

complementarily in various research scenarios. In our study, we

conducted single-cell RNA sequencing and bulk RNA sequencing

when  the  cultured organoids reached a threshold volume of

2mm3, which determined whether they would be subcultured to

the next generation. Notably, each organoid reached this standard

at different time points. However, based on our unpublished data,

the differences in culture times within the same generation of

organoids may not lead to genetic differences.

The single-cell sequencing results shown the skin tumor

organoids  have 11  distinct cell  types including immune cells

which indicating the possibility to use this culture method to test

the drugs of immune therapy. Metformin, a common drug used

for diabetes, has been found to have multiple anti-cancer effects. It

can downregulate ACSL4 expression in early stages of colorectal

cancer[39],   improve   the fitness   of CD8   T   cells   in   hypoxic

conditions[40],  and inhibit the Wnt signaling pathway, which is

involved in cell proliferation and survival[41]. Further, metformin

activates AMPK, enhances the anti-cancer activity of γδ T cells,

providing a potential new approach for cancer immunotherapy[42].

Our RNA-seq analysis of DFSP organoids treated with metformin

confirmed these genetic modulations. KEGG analysis indicated

that  metformin  could  inhibit the growth of  DFSP organoids

through immune signaling pathways. This suggests the potential

for metformin to be repurposed as a therapeutic agent for DFSP,

particularly in the context of immune modulation.

Based on the above experimental results, we believe that

organoids have potential in the field of research and treatment of

DFSP. Detailed genotyping is indeed crucial for the selection of

drugs   in    personalized treatment. It allows for a   better

understanding of the genetic makeup of an individual’s disease,

which can guide  the   choice of  therapeutic strategies.  When

combined  with  WES  and RNA-seq  data,  it  can  help identify

population  heterogeneity,  which is key to understanding the

diverse responses   to    treatment    observed among   patients.

Organoid databases and samples offer numerous advantages in

the    context    of   drug    testing.    They    mimic    the    cellular

microenvironment of tissues better than 2D cell culture systems

and  represent the tissue physiology. This makes them more

physiologically  relevant,  providing  a  more  accurate model for

drug  testing. Organoids  capture the cellular composition and

pharmaco-typic signatures ofthe parental tumor. This allows for a

better understanding of how drugs might interact with different

cell types within a tumor. Organoids have been applied in drug

screening   to    demonstrate   the    correlation   between    genetic
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culture.

During the organoid culture process, a partial medium change

should  be  performed  every  5-7  days,  or  as  needed  based on

changes in the color and turbidity of the medium, to ensure an

adequate supply of nutrients for organoid growth. The specific

steps for partial medium change involve opening the top cover of

the culture container, tilting the container to allow the organoids

to  settle,  and  then  using  a  1  mL  regular  pipette  tip  to  slowly

remove the culture medium from the upper layer of the liquid

surface. After removing half of the volume of the old medium,
new culture medium should be added using a 3 mL pipette (Bart’s

Pipette), with an additional 1-2 mL as needed to compensate for

potential  volume  reduction  due  to  evaporation  in the culture

system. These steps ensure the proper maintenance of  the

organoid culture system and support the healthy growth of the

organoids.
To subculture the organoids, the mechanical digestion method

is employed without the use of digestive enzymes. Following the

standard protocol for partial medium change as described above,

10 mL of the old medium is discarded. Subsequently, a  1 mL

regular pipette tip (reference QSP Cat: T112NXLRS–Q) is used to

gently detach the organoids adhering to the container walls. Then,

the same pipette tip is used to draw small, intersecting lines at the

bottom of the culture container to facilitate the separation of the

adherent cells in the microenvironment, after which a cell scraper

is used to gently lift all the cells from the bottom. The organoids

and microenvironment cell suspension are then transferred to a

15 mL tube, centrifuged at 300× g for 3 min, and the supernatant

is discarded. Subsequently, the organoids and microenvironment

cells are resuspended in preheated fresh organoid culture medium
using a dedicated  organoid pipette tip and  seeded  into a new

culture container at a 5:1 split ratio for passaging.

In advance of  the cryopreservation process, the organoid

cryopreservation medium is prepared by combining 10 mL of the

organoid  cryopreservation  solution   (LSNO00100701; Shanghai

LiSheng Biotech, China) with 0.8 mL of cryopreservation additive

(LSOR00400101;    Shanghai LiSheng Biotech,    China). The

organoids and microenvironment cells are then resuspended in

the   organoid    cryopreservation   medium    using   a    dedicated

organoid pipette tip and evenly distributed into pre–labeled

cryovials, with each   cryovial   containing   1-1.5   mL of   the

cryopreservation medium. Subsequently, the cryovials are placed

in a controlled–rate freezing container and stored at -80 °C in a

freezer. Within one week, the cryovials can be transferred to a

liquid nitrogen tank for long–term storage.

Organoids size calculation and analysis

The organoids are imaged daily, and their size is quantified using

the ImageJ software. Firstly, we organize the set of photos into one

file and compile them into a single image. Then, we open the file

in ImageJ and use the  "Polygon  selections" tool to outline the

outer edge of the organoids. Next, we click on "Measure" under

the "Analyze" menu to calculate the area of the organoid. To assess

the growth capacity of the organoid, we divide the total area by the

initial area on Day 0 to obtain a relative organoid size.

Organoids drug treatments

DFSP organoids of ~ 500 µm in diameter were selected from a

10 cm dish and seeded at a density of one spheroid per well in a

24–well  cell  culture  plate,  with  each  well containing 1  mL of

organoid  culture  medium.  The  optimal concentrations of  the

drugs, namely 10 µmol/L imatinib and 2.5 mmol/L metformin,

were determined based on a thorough literature review and added

to the    respective wells    containing    the    spheroids.    Daily

photographic  documentation  of  the  spheroids was performed

following the addition of the drugs, and at the final time point, a

detailed observation of the cellular phenotype ofthe spheroids was

conducted.

H&E staining

Tissues and organoids were fixed in 4% paraformaldehyde (PFA)

(BL539A, Biosharp) for 30 min, dehydrated with sucrose, and

embedded in 7.5% gelatin. Frozen sections of 10 µm thickness

were obtained using citric acid (pH 6.0). Adherent cells were fixed

using 4% PFA for 20 min. For H&E staining, the sections were

washed twice and stained using a H&E Stain Kit (G1120, Solarbio,

China) according to the manufacturer’s instructions.

Whole exon sequencing (WES)

Clinical tissues and organoids were used to isolate DNA with the

Gentra Puregene Blood Kit (QIAGEN, Hilden, Germany). Each

sample  underwent  processing  with  200  ng of  genomic  DNA,

which  was  fragmented  into  150-200  bp  fragments  for  library

construction. The AIExome® Human Exome Panel V3 and

TargetSeq One® Hyb & Wash Kit v2.0 from iGeneTech Co., Ltd,

Beijing, China was employed for whole exome capture, followed

by sequencing on the DNBSEQ–T7 platform with 150–bp reads.

Raw reads were filtered using FastQC to eliminate low–quality

reads. Subsequently, the clean reads were mapped to the reference

genome GRCh37. Quality control metrics included an average
read length of >  100×,  accurate mapping rate of > 98%, bases 

capture rate of > 55%, 20× mean depth coverage rate of > 96%,

duplication rate of < 25%, and accurate mapping rate of < 96%.

Single  nucleotide  variants  (SNVs)  were annotated  and  filtered

using TGex (tgex.genecards.org). This optimized approach aimed

to   reduce   redundancy   and enhance the precision of   the

sequencing data analysisprocess.

Singe cell RNA-sequencing

Skin organoids were dissociated into single cells using the

Organoid  Dissociation  Kit  (LSTO01500501; Shanghai LiSheng

Biotech, China). Following the removal of erythrocytes (Solarbio

R1010), cell count and viability were assessed using a fluorescence

Cell   Analyzer   (Countstar®    Rigel   S2)   with AO/PI    reagent.

Subsequently, a decision was made on whether to remove debris
and dead cells using Miltenyi 130–109–398/130–090–101. The fresh 

cells were then washed twice in RPMI1640, re–suspended at 1 ×

106 cells/mL in  1× phosphate buffered saline (PBS), and 0.04%

bovine serum albumin was added.

For single–cell RNA–Seq  library preparation, the   SeekOne®

Digital  Droplet  Single  Cell’library preparation kit (SeekGene

Catalog No. K00202) was utilized. Initially, the appropriate

number of cells was mixed with reverse transcription reagent and
added to the sample well in the SeekOne® chip. Barcoded hydrogel

beads (BHBs) and   partitioning    oil    were    dispensed into

corresponding wells on the chip to generate emulsion droplets.

Reverse  transcription  was carried out at 42 °C for 90 min,

followed by inactivation at 80 °C for 15 min. Subsequently, cDNA

was purified, amplified in a PCR reaction, cleaned, fragmented,

end repaired, A–tailed, and ligated to   sequencing   adaptors.

Indexed   PCR   was   then   performed  to amplify the DNA

representing the 3’polyA part of expressing genes, which also

contained Cell Barcode and Unique Molecular Index. The
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indexed  sequencing  libraries were  cleaned  up  with  solid-phase

reversible immobilization (SPRI) beads and quantified using

quantitative PCR (KAPA Biosystems KK4824).

Libraries  were  sequenced  on  the  Illumina  Hiseq  4000  with

PE-150  bp  reads  for  subsequent  analysis. Raw data from the

single-cell RNA sequencing (scRNA-seq) was processed using Cell

Ranger, and downstream analyseswere conductedusing Seurat.

Cell type identification

We  utilized  the publicly available dataset GSE163973,  which

originally identified 10 major cell types in fibrotic skin diseases.

However, we  encountered  some  cells  that  were  unassigned  or

incorrectly identified. To refine the classification, we divided the

"Glandular" category into  "Glandular" and  "T cells" due to the

expression of CD3E and PTPRC   (CD45)   in   a   subset   of

"Glandular" cells. Additionally, we relabeled the   "unknown"

category  as  "Mast  cells"  based  on the presence of  CPA3  and

PTPRC.   This   approach   helped   us   construct   our   reference

dataset[43]. Given that cell states can change during ex   vivo

culturing, harmonizing single-cell RNA sequencing (scRNA-seq)

data between our organoids and the reference proved challenging.

Therefore, we  adopted a strategy of  forced mapping of our

organoid scRNA-seq data onto the reference dataset based on the

Pearson correlation between the two datasets. For each cell in our

organoid data, we identified the 50 most similar cells from the

reference   dataset. A   cell was then   classified based   on   the

predominant label of these 50 cells if the same label was present in

at least 40 of  them;   otherwise, the cell was categorized as

unknown.

RNA-sequencing

mRNA was isolated from organoids using the RNA Isolation Kit

(DP451, TIANGEN, China). Each group of organoids, consisting

of 4–6 organoids with diameter of 2 mm, was used as input for

the extraction. The concentration of RNA was measured with a

Qubit4   fluorometer.   Subsequently,   reverse   transcription   was

carried out using the RT Kit (KR118, TIANGEN, China), and

library preparation was performed using the RNA Library Prep

Kit (E7530L, NEB, USA). For bulk RNA-seq analysis, RNA 

expression  levels were  quantified  using  fragments  per  kilobase

transcript mapped reads per million (FPKM), and differentially

expressed genes were identified using the Morpheus online

software.

Statistical analysis

The  data  were collected from three or more replicates, and

quantitative results are expressed as mean ± standard deviation.

Statistical  analysis  was conducted using GraphPad Prism 7.0

(GraphPad Software, USA). Student’s t-test was used for multiple

comparisons to assess significance. A p  value less than 0.05 was

considered statistically significant. The p  values were  calculated

from a minimum of  3   independent   experiments. Statistical

significance is indicated as: *p < 0.05, **p < 0.01, and ***p < 0.001.

Error bars represent the standard deviation ofthe mean.

Research ethics and patientconsent

The collection of clinical samples followed the ethical guidelines

established by Shanghai Ninth People’s Hospital, with the study

assigned   the   ethical approval No. 2017125.T321. Prior to

providing samples, all participants signed informed consent

forms, clearly indicating the planned utilization of their samples

for    future     research.    Their     voluntary    involvement     and

comprehension of the study’s goals were crucial for maintaining

ethical standards throughout this research.
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ABSTRACT

Ovarian cancer, a common gynecologic tumor, is associated with a high mortality, due to challenges in early detection

within the reproductive system. According to our previous research, cultivating patient-specific organoids from

mechanically  sheared  tissues  can be utilized  for drug response evaluation but has limitations for high-throughput

screening efficiency due to their inconsistent size. In this research, we focused on organoids developed from single-cell

suspensions to  address  the  critical  requirement  for  uniformity  in  organoid  size. By  the  day 3  of  culture,  single-cell

suspensions rapidly and spontaneously aggregated into spherical structures with a more consistent size. Notably, the

organoids of sample OVA-37 were ten times larger after 8 days of culture. Transcriptomic analysis was used to compare

the two organoid culture techniques, demonstrating that the variations between different organoid culture methods were

minimal, with higher variability observed among patients. Gene set enrichment analysis (GSEA) revealed only minor

discrepancies in specific pathways, such as TGF-β and tight junctions. Furthermore, treatment with carboplatin in a 96-

well plate setup resulted in reproducible drug responses, as evidenced by coefficients of variation lower than 40%. This

finding suggests that single-cell suspension-cultured organoids can be employed for reproducible high-throughput drug

screening. This approach holds potential for personalized drug screening in ovarian cancer and may contribute to the

development of novel therapeutic strategies.
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self-organizing, three-dimensional tissue cultures that emulate the

complexity  and functionality  of  in    vivo   tissues, has become

indispensable  in  drug  response evaluation. Exploiting patient-

derived  tumor  organoids  for  identifying  potent chemotherapy

agents   enables    personalized   medicine    to    devise   treatment

regimens congruent with unique genetic and physiological profiles

of individuals,  potentially  augmenting  therapeutic  efficacy  and

diminishing adverse effects [5]. Our research, focusing on ovarian

cancer   within    our  organoid-based    drug    screening   model,

addresses the imperative for more nuanced, precise, and effective

treatment methodologies. We have pioneered novel techniques in

establishing ovarian cancer organoids,  thereby  enhancing the

relevance of organoid models and facilitating the establishment of

high-throughput  screening  platforms.  This  approach  heralds  a

promising avenue for personalized oncologytreatment.

Introduction

Ovarian  carcinoma  represents  a significant fraction of  female

reproductive system malignancies, posing a global health hazard.

Its early detection remains elusive, chiefly due to the indistinct

nature of  early symptoms, thus   complicating the diagnostic

process [1]. The disease exhibits a heterogeneity marked by varied

histological subtypes and a wide range of molecular expression

patterns, which contributes to disparate drug responses and the

emergence of drug resistance [2]. The intricate genetic mutation

landscape in  ovarian  cancer  presents  formidable  challenges to

efficacious treatments [3]. Personalized treatment strategies, pivotal

for  enhancing  patient  outcomes, rely on advanced laboratory

techniques that accurately predict individual drug responses  [4].

Progress in organoid technology, particularly the development of
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The   generation   of patient-specific   organoids   from   tissue

fragments is a crucial advancement in personalized healthcare,

primarily  due to its efficacy in evaluating drug responses   [6].

However, this technique faces challenges related to the

inconsistent sizes of organoids, which impairs their applicability in

high-throughput drug screening [7,8]. Variations in organoid size

can lead to inconsistent drug penetration and response, affecting

the robustness of results [9]. Phenotypic evaluation of models is

complicated by intra- and inter-patient differences in organoid

size, cellular heterogeneity, and dynamic responses   [10]. Our

previous methods, utilizing tissue fragments to cultivate

organoids,     encountered     limitations     due     to    these      size

inconsistencies,   complicating  the   observation   of   clear   drug

responses   [6].   The   importance   of uniform   organoid   size   is

underscored,  as  it  ensures  consistent  drug  exposure  and  more

clinically relevant results [9,11,12].

In our research, we have pioneered a novel approach for the

cultivation    of     uniform-sized     organoids    from   single-cell

suspensions, a technique particularly advantageous for high-

throughput drug screening in ovarian cancer models. This process

involves the generation of single-cell suspensions from digested

cultured organoids, which subsequently self-organize into

organoids of uniform size. We conducted meticulous assessments

of their   growth   and   histological   attributes,   confirming   the

retention of tissue characteristics similar to those derived from

tissue fragment cultures. Notably, these organoids displayed

significant  responsiveness  to  drug  treatments,  as  evidenced by

comprehensive cell viability assays. Furthermore, when embedded

into a matrix gel, these organoids maintained sustained growth

and preserved their    distinctive features, highlighting the

adaptability of our cultivation method, especially for matrix gel-

requiring   experiments. This   approach   significantly enhances

reproducibility and robustness in chemotherapy drug screening,

while   also    showing    immense   potential    in   revolutionizing

personalized drug screening for ovarian cancer. It opens a

promising  path   for developing  tailored therapeutic   strategies,

specifically tailored to the nuances of ovarian cancer treatment in

the realm ofoncological research.

Methods and materials

Tissue collection

The  ovarian  cancer  tissues  were  obtained  after  patients’post-

surgery. None of the patients underwent chemical therapy prior to

surgery. Samples from four patients were utilized for the study.

Subsequent to surgery, the ovarian cancer tissues were promptly

transported under cryogenic conditions to LiSheng Biotech Co.,

Ltd., and stored at 4 °C until processing, typicallywithin 3 days.

Mechanically sheared fragment culture

The cancer  tissue   samples  were   initially  washed in  washing

solution (LSNO00100201; Shanghai LiSheng Biotech, China) to

remove any adherent blood or mucus, with this process repeated

three times. Subsequently, the samples were cut into fragments of

no  more  than  3 mm using ophthalmic surgical scissors and

cultured   in   ovarian cancer   culture   medium (LSTO001004;

Shanghai LiSheng Biotech, China) in a 10 cm culture dish. The

culture medium was replaced every five days, with half of the

medium  aspirated  and  an  equivalent volume of  fresh  culture

medium added and mixed by  pipetting.   For passaging, the

organoids and adherent cells were collected using cell scrapers, the

supernatant  was  removed  by  centrifugation,  and  the collected

organoids were fragmented with scissors to a size of no more than

3 mm. They were then cultured in fresh culture medium and

mixed by pipetting. Irregular edges became rounded were saw as a

criterion   for   successful   organoid   culture.   The growth and

morphological changes of the organoids were regularly observed

using an  inverted microscope   (DMi1,  Leica, USA),   and  the

organoid size and area were measured using ImageJ software.

Single-cell suspension culture

After successfully culturing organoids from tissue fragments, we

aimed to expand the application field of our culture method for

high-throughput drug screening by digesting the organoids into

single   cell   suspensions.   Then the   organoids   obtained   from

fragment organoid culture were collected using cell scrapers and

centrifuged to obtain all organoids. The collected organoids were

then    incubated with     Organoid    Dissociation Reagent I

(LSNO00100501; Shanghai LiSheng Biotech, China) at 37 °C for

15  min.  The  digested  liquid  was  aspirated  repeatedly  through

1 mL pipette tips. Digestion was terminated if smooth aspiration

was achieved; otherwise, digestion was continued for an additional

10 minutes if there was a noticeable blockage during aspiration.

The digested liquid was passed through a cell strainer (352340,

Corning, USA) and collected. Any undigested organoids on the

cell   strainer   underwent    a   second   round    of   digestion   for

10 minutes. Subsequently, the liquid from the second digestion

was passed through a cell strainer again and centrifuged together

with the suspension collected from the first round at 600 g for

10 min. The  supernatant was  removed,  and 2 mL  of ovarian

cancer culture medium was added and mixed. The mixture was

then  centrifuged  at 600 g for   10  min to completely remove

residual digestion solution. Next, 2 mL of ovarian cancer culture

medium   was   added  and   mixed   to   prepare   the   single-cell

suspension. 1 ml of  the suspension  was   used for culturing

single-cell organoid spheres in a 6-well Clear TC-treated Multiple

Well Plates (3516, Corning Incorporated, USA). The remaining

1 mL was added to 3 mL of ovarian cancer culture medium,

mixed, and evenly distributed into 96-well Clear Round Bottom

Ultra-Low Attachment Microplate (7007; Corning Incorporated,

USA) for    single cell automatically assembly observation

experiments. The growth and morphological changes of  the

organoids in 96-well microplate were regularly observed through a

stereo microscope (YZ39; ShanghaiYuehe, China).

Embedding organoidsin matrigel

The Matrigel Matrix (354263, Corning, China) was placed on ice

and  liquefied  by incubating at 4 °C for 1  h. The organoid

suspension was mixed with the liquefied Matrigel at a 3:2 ratio.

The mixture was placed in a 10 cm culture dish and allowed to

solidify in a  37 °C incubator, then  supplemented with culture

medium for     continued     cultivation.     The     growth  and

morphological changes of the organoids were regularly observed

using an inverted microscope (DMi1, Leica, USA).

Hematoxylin and eosin (H&E) staining

Organoids were fixed in 4% formaldehyde  (BL539A, Biosharp,

China) for 24 h   and   embedding with   Tissue-Tek   O.C.T.

compound  (4583,  Sakura Finetek, USA).  10 μm  thick  sections

were then obtained using a cryostat microtome (CM 1950, Leica,
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H&E staining. Remarkably, we observed that within 8 days, single

cells in the culture medium spontaneously  formed   compact

organoids (Figs. 1b and 1c), indicating the success ofour modified

method in maintaining key organoid characteristics suitable for

high-throughput analysis. Over time, we observed increased

adhesion among organoids from sample OG-OVA-37 through

our microscopic observations of brightfield images. H&E staining

corroborated that both the original and modified methods yield

organoids with comparable histological structures (Fig. 1d)

The RNA-seq sequencing results, analyzed through principal

component analysis (PCA) and correlation studies, distinctly

highlight that inter-patient sample variability supersedes the
differences attributable to the organoid culture methods (Figs  2.a

and 2b). Particularly, the OG-OVA-39 and OG-OVA-40 samples

displayed notable similarities. Our in-depth heatmap analysis of

gene  expression profiles  across both  single-cell  suspension  and

mechanically sheared fragment methods revealed remarkable

transcriptional congruence, particularly in genes with high and

low expression levels (Fig. 2c). This striking similarity underscores

the   effectiveness   of   both   methodologies in   preserving the

heterogeneity inherent in ovarian cancer tissue, a critical aspect for

realistic  disease  modeling.  Differential  gene  expression  analysis

further supported this, as no significant variations were observed

in key pathways between the two methods. This is particularly

evident in cell cycle pathways, pivotal in the tumorigenesis and

progression of ovarian cancer. The lack of significant fold change

differences (Fig. 2d) between the two methods not only affirms

their individual efficacy but also suggests that organoids derived

from single-cell suspensions are equally capable of simulating the

authentic pathological state of ovarian cancer, akin to the

previously validated minced tissue method. Our further gene set

enrichment analysis   (GSEA) transcriptome pathway analysis

suggested enhanced TGF-β signaling and tight junction pathways

in organoids derived from minced tissue compared to single-cell

suspensions. This can be attributed to the preserved tissue

architecture and cellular dynamics in minced tissue-derived

organoids, which likely support more robust cell-cell and cell-

matrix interactions, essential for pathways such as TGF-β and

tight  junctions.  TGF-β signaling,  vital for cell differentiation,

proliferation, and apoptosis, is influenced by the structural

integrity of the microenvironment
[13,14]

. Similarly, tight junction

pathways,  crucial  for  maintaining  cellular  polarity  and  barrier

functions, depend on the physical organization of  cells   
[15]

.

Conversely, organoids from single-cell suspensions, lacking this

initial complex structure, rely on the self-organizing capacity of

individual cells, potentially leading to less pronounced TGF-β and

tight junction  signaling.  Thus,  the  stronger  signals  in minced

tissue-derived organoids underscore the significant influence of

tissue  architecture  and  cellular  interactions  on  these  pathways,

highlighting the importance of the organoid derivation method in

accurately modeling disease pathology and cellular behavior

(Fig. 2e).

Optimizing uniform organoid formation from single-cell

suspensions for high-throughput screening

In high-throughput drug screening, the use of 96- or 384-well

plates   is crucial for   testing    multiple   drugs    across   varied

concentrations. Assessing whether  single-cell suspensions  could

form organoids within 96-well plates was essential for integrating

this method into high-throughput screening. Upon seeding single-

https://www.sciopen.com

USA) and stained with hematoxylin solution (BL700A, Biosharp,

China) for 5 min. Excess stain was removed by washing with

distilled water,  and  the  sections  were  differentiated  in  a  H&E

differentiate solution (G1862, Solarbio, China) for 10 s, followed

by a 2-min rinse in running tap water. Eosin staining solution

(BL700B, Biosharp, China) was then added for react 30 s. Finally,

the sections were mounted with neutral balsam (G8593, Solarbio,

China) and subjected to image acquisition through upright

microscope (YI21, ShanghaiYuehe, China).

RNA sequencing

Organoid samples were collected and immediately submerged in

TRIzol   Reagent   (15596018,   ThermoFisher,   USA)   for   RNA

stabilization. The samples were then stored at – 80 °C until further

processing. The samples were then sent to Honsun, a sequencing

company, in dry ice for RNA extraction and sequencing. Honsun

performed the RNA extraction and subsequent RNA sequencing

using   their   established  protocols   and   equipment.   The   raw

sequencing  data  obtained  from  Honsun  was  further  analyzed.

RNA expression levels were quantified using fragments per

kilobase transcript mapped reads per million (FPKM). The data

was processed using R and Morpheus online software to perform

differential gene expression analysis and other relevant analyses.

Drug treatment

The  organoids  cultured  in  a  96-well  plate  were  used  to drug

treatment. Organoids were treated with different concentrations

(0,  5,  25,  and  50  μmol/L) of paclitaxel injection (H20067345;

Taxus Pharma,  China) and carboplatin injection  (HJ20171063,

Corden Pharma Latin a S.P.A., Italy), with each treatment group

having 4 replicates to reduce random error. On Day 8, additional

drug was added to maintain continuous treatment. Regular

monitoring was conducted to record organoid growth and

morphological changes. CellTiter-Glo®3D Cell Viability  Assay

(G9683, Promega, USA), as per the manufacturer's instructions,

was used to assess cell viability to evaluate the efficacy of drug

treatment.

Statistical analysis

The data were collected from three or more replicates, and data

are presented as mean ± standard deviation from independent

experiments. Statistical analysis was performed using GraphPad 8.

Results

Organoids   derived   from   mechanically   sheared   tissue 

fragments and single-cell suspensions exhibit comparable

characteristics

In  our  preceding  study,  we  established  that  organoids  derived

from small tissue fragments closely resemble native tissues.6

However, the significant size variability of these organoids, often

exceeding 3mm in diameter, presented challenges for high-

throughput drug screening in standard 96 or 384 well plates. To

overcome  this,  we refined our culture technique to produce

organoids suitable for high-throughput applications (Fig. 1a). This

refinement involved enzymatically digesting organoids from tissue
fragments to create single-cell suspensions for subsequent 

organoid cultures. Regular monitoring showed consistent

organoid growth, and their structural integrity was verified via
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Figure 1.   Comparative analysis of ovarian cancer organoid cultivation methods. (a) Diagram illustrating the methodology for generating organoids from single-

cell suspensions versus mechanically sheared fragments, highlighting procedural differences. (b) Brightfield microscopy visualization of ovarian cancer organoids 8 

days post-culture, with scale bars for size reference. (c) Quantitative results of organoid size evolution over time, utilizing brightfield imaging to document growth 

dynamics across culture methods. The y-axis represents the pixel area size calculated from ImageJ, while the x-axis indicates the number of days in culture. The F 

denotes the fragment culture method, while S represents the single cell suspension culture method. (d) Quantitative comparison of organoid size evolution over time, 

utilizing brightfield imaging to document growth dynamics across culture methods. (e) Histological comparison via H&E staining of organoids derived from each 

method, demonstrating morphological consistency with scale bars provided.
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Figure 2.   Transcriptomic profiling of ovarian cancer organoids cultured by different methods. (a) PCA showcasing the distinct genomic landscapes oforganoids

derived from single-cell suspensions and mechanically sheared fragments, with clustering by patient sample origin. (b) Sample correlation matrix highlighting the 

relationship between organoid culture methods, where intensity of color correlates with the degree of transcriptomic similarity. (c) Heatmap displaying differential 

gene expression patterns across samples, with normalization of raw counts to TPM and subsequent Z-score transformation for direct comparison. (d) Expression 

analysis of pivotal genes within cell cycle pathways, comparing their relative expression levels across the two organoid culture techniques. (e) GSEA revealing pathway 

variances between organoids derived via single-cell suspension and mechanical shearing, underscoring methodological impact on cellular function.
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cell  suspensions, derived from digested organoids, into 96-well

plates (Fig. 3a), our daily monitoring identified that cells settled at

the well bottoms and spontaneously formed spherical structures

with defined boundaries (Figs.3d and 3e). Comparatively,

mechanical   shearing   of   OVA-41   organoids   into   fragments

followed by seeding in 96-well plates resulted in uneven organoid

formation and size distribution. In stark contrast, single-cell

suspension-derived organoids demonstrated superior uniformity

in size, although initial seeding density influenced some variation

(Fig. 3b). Quantitative analysis of organoid sizes further validated

that single-cell derived organoids maintained a more consistent

size profile than those from pre-formed fragments (Fig. 3c).

Evaluating    carboplatin    efficacy     on    ovarian     cancer 

organoids      within      a       high-throughput      screening

framework

Investigating  carboplatin efficacy  on  ovarian  cancer  organoids,

derived from single-cell suspensions, we conducted a meticulous

evaluation  within  a  96-well  plate framework. Organoids  were

exposed   to   carboplatin concentrations reflective of   clinical

application. Due to the CellTiter-Glo® 3D Cell Viability Assay's

reliance on consistent input amounts across different wells for
reliable results, the size variability of the minced tissue culture

method in input material precludes its reliable use for drug testing.

Over 14 days, organoid morphology  was closely  monitored,

revealing no significant alterations within the initial six-day

period.    Subsequently, a discernible onset of    peripheral

disintegration was observed, intensifying by day 14, particularly at

50  μmol/L  carboplatin concentration (Fig. 4b). This structural

degradation  contrasted  markedly with the untreated controls.

Intriguingly,  a  concentration-dependent  biphasic  response  was

noted. At 5μM, an unexpected augmentation in metabolic activity

suggested a stimulatory carboplatin effect, which subsided with

increasing  concentrations,  yielding  to  a  predominant  cytotoxic

impact (Figs.4c and 4d). Crucially, the reproducibility of these

findings was affirmed across organoids derived from individual

patients. Consistent drug-response  patterns  were   observed   in

quadruplicate  wells  at each concentration, with coefficient of

variation (CV)  values aligning  with the   standards  for high-

throughput screening (Fig. 4c). This consistency demonstrates the

robustness of these patient-specific organoids as a viable platform

for high-throughput pharmacological screening.

Synergizing    single-cell    suspension    cultivation    with

Matrigel embedding for enhanced organoid growth and

analysis

Next, we  explored  the  growth  dynamics  of  organoids  derived

from single-cell suspensions in matrix gels, particularly focusing

on Matrigel, a composite of extracellular matrix components like

laminin   and    collagen IV, enriched with growth factors.

Traditional    organoid    cultivation     often    employs    Matrigel

embedding   of stem   cells,   which,   while   facilitating   detailed

longitudinal   observations,   might   limit   cellular   heterogeneity

compared    to     self-assembling     organoids    from     single-cell

suspensions.  To  optimize  this process, we developed a novel

hybrid technique. Initially, organoids are cultivated from single-

cell   suspensions   to   promote   diverse   cellular   representation.

Subsequently, these organoids are embedded in Matrigel,enabling

their  sustained  growth  and  detailed  monitoring  (Fig. 5a).  This

approach has the potential to synergize the cellular diversityofself-

assembly with    the    observational    advantages    of    Matrigel

embedding.

To assess the influence of Matrigel on organoid morphology,

we performed histological analyses on organoids post-15 days of

Matrigel embedding compared to those maintained in suspension

(Figs.5b   and 5c).    Our   results    indicated   no    significant

morphological differences between the two conditions, suggesting

that  Matrigel   embedding does not compromise  the   intrinsic

structural integrity ofthe organoids.

Discussion

In  this  study,  we  have  not only optimized single-cell derived

organoid technology for high-throughput screening applications

but also bridged this approach with conventional matrix gel-based

organoid   culture    methods.   This    integration    facilitates   the

amalgamation   of   various  technical   advantages,   offering an

optimized strategy for personalized therapeutic screening in

ovarian cancer.

Our findings underscore the importance of adapting 96-well

and 384-well plate formats for drug testing, given their suitability

for   high-throughput   applications.   The    ability   of   single-cell

suspensions to form uniformly sized organoids in these plates and

their responsiveness to drug treatment is a critical advancement in

organoid-based drug screening methodologies. Moreover, the

uniform size and consistent growth patterns of these organoids

address previous limitations in organoid cultivation, enhancing

the reliability ofdrug response assessments.

While   our   RNA-seq   analysis   indicates   that mechanically

fragmented   tissue-derived    organoids exhibit    higher   TGF-β

pathway expression, suggesting a closer mimicry of the original

tissue’s microenvironment, this does not diminish the value of

single-cell  suspension-derived  organoids. The latter's utility in

representing a physiologically relevant model for drug discovery,

especially in the realm of immunotherapy, is noteworthy. Further

investigations  are  needed to explore the potential benefits of

mechanically fragmented organoids in immune-related drug

screening.

Overall, this research paves the way for personalized medicine

in   ovarian   cancer   treatment,   potentially improving patient

outcomes. By offering a physiologically relevant platform for drug

discovery  and  development, this approach could lead to the

identification   of novel   therapeutic   targets,   customization   of

therapy, and reduction of  adverse effects,  thereby enhancing

treatment efficacy for ovarian cancer and other diseases.

Research ethics and patientconsent

This  study  adhered  to the ethical standards set forth by the

Obstetrics   and Gynecology   Hospital    of   Fudan   University.

Informed consent was obtained from all patients prior to

collecting their samples, and they  were   made aware of the

intention to use their  samples for future  research.  Participants

were enrolled in the study only after providing their informed

consent, thereby ensuring voluntary involvement. The research

was granted ethical approval under the numberkyy2023-06.

Availability of data and material

The data and materials that support the findings of this study are

available upon request from the correspondingauthor.
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Figure 3.   Establishment  and  growth  dynamics  of  ovarian  cancer  organoids in  96-well  plates. (a) Detailed  schematic showcasing the formation process of

organoids from single-cell suspensions within the microenvironments of 96-well plates, emphasizing the self-aggregation mechanism. (b) High-resolution brightfield 

microscopy images displaying the comparative growth patterns of ovarian cancer organoids, cultured from single-cell suspensions and tissue fragmentation methods, 

at day 6, with the OG-OVA-41 sample serving as a case study. (c) Quantitative image analysis to evaluate the size uniformity of organoids developed from single-cell 

suspensions, underscoring the methodological advantages in promoting consistent organoid formation.
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Figure4. Organoid  responses  to  chemotherapeutic  treatment.  (a) Detailed  schematic outlining the protocol for administering drug treatment to organoids,

highlighting key observation intervals for assessing cellular health and viability. (b) Comparative brightfield microscopy visuals of ovarian cancer organoids post-

chemotherapy, emphasizing the differential impact of treatment on organoids cultured via single-cell suspensions and those from tissue fragments. (c) A heatmap 

illustrating the quantitative cell viability, as indicated by log-transformed luminescence intensities, across varying concentrations of carboplatin, with data from 

quadruplicate samples underlining the consistency of response. (d) Analysis of variability in carboplatin response, presented as CV, across organoids derived from 

different patient samples, demonstrating the assay's reliability for drug sensitivity testing.
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Figure 5.   Cultivation  dynamics  of single cell suspension-derived organoids in varied environments.  (a) Detailed schematic showcasing the methodology for

continued cultivation of single-cell derived organoids, comparing suspension cultures against matrix gel environments. (b) Brightfield microscopy provides a visual 

comparison of organoid growth and morphology in suspension versus matrix gel conditions,  with precise scale measurement for accurate size assessment.

(c) Comparative histological analysis using H&E staining highlights the structural integrity and cellular detail of organoids cultivated under both conditions, with scale 

bars ensuring consistent magnification across samples.
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ABSTRACT

Intrahepatic cholangiocarcinoma (ICC) is a highly lethal malignancy associated with significant morbidity, necessitating the

urgent  development  of  an  effective chemotherapeutic assay  for ICC patients. In this study, we have successfully

established an advanced culture method for ICC organoids that can be utilized with both single-cell assembly and tissue

fragmentation initiation techniques. These ICC organoids maintain the morphological characteristics, including mutation

profiles and frequency (46.9% in organoid and 48.5% in tumor tissue) of IDH1 genes, and 1733 high-frequent overlapped

mutated genes (94.2%). Additionally, ICC biomarkers such as CK7 and CK19 also maintain a similar pattern compared

with the  original  tissue.  Furthermore,  RNA-seq  analysis  reveals  upregulation  of immune-related  genes in  single-cell

assembly  organoids.  The  significantly changed genes including IL9R (4.4-fold), IL2RB (3.2-fold),   CCR4  (3.5-fold),

TESPA1 (4.4-fold), ZAP70 (4.3-fold) and CD6 (4.3-fold) in log scale. These evidence both indicating the presence of

viable  and  active  immune cells. Overall, our  findings present an advanced and user-friendly culture approach for

generating ICC organoids adaptable to diverse experimental objectives.

KEYWORDS

intrahepatic cholangiocarcinoma, organoid, culture methodology

established  and  utilized in research related to clinical cancer

treatment in recent studies, including liver, colon, and pancreas

cancers[9–11].   However, these   matrigel-based   organoid culture

methods are relatively difficult to handle for beginners, limiting

their   application   in    clinical   therapy.   While    matrigel-based

organoids can reflect molecular features of origin tissues, the small

volume of single-cell derived organoids makes it difficult to reflect

millimeter-scale morphological features  accurately. Therefore,  a

more advanced culture method is needed for clinical treatment

and scientific research purposes.

Here, we present an advanced robust ICC organoid culture

method that is compatible with both single-cell derived and tissue-

fragment derived organoids. Tissue-fragment derived organoids

maintain morphology features due to their relatively large volume

(millimeter   scale).   Both   types   of   organoids   maintain   gene

Introduction

ICC (intrahepatic cholangiocarcinoma) is one of the most lethal

liver cancers, and the overall 5-year survival rate for patients after

surgery is only around 9%[1]. Moreover, the incidence and

mortality of ICC are increasing rapidly, endangering the lives and

health of patients[2]. The most efficient therapy for ICC patients is

curative-intent surgical resection; however, the 5-year overall

survival  rate  after  surgery  is  only 20%–35%[3]. Because  of this,

chemotherapy  plays  a  critical  role in ICC  treatment, but the

efficacy of drugs such as gemcitabine and oxaliplatin varies among

different patients[4–8]. Therefore, it is important to establish a fast

and precise drug testing method for clinical treatment.

Unfortunately, analysis of   drug    response    features    and

biomarker investigation for precision therapy in patients with ICC

is still lacking. Patient-derived organoids (PDOs) have  been

© The Author(s) 2024. Published by Tsinghua University Press. The articles published in this open access journal are distributed under the terms of the
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expression profiles compared with public ICC data, suggesting

their high–throughput drug screeningpotential.

Methods and materials

Tissue collection

The ICC tumor tissues were obtained from patients undergoing

clinical surgery. Samples from four patients were utilized for this

study. If necessary, samples were temporarily stored at 4 °C until

processed.

Microscopy observing

Daily observations were performed using an inverted microscope

(DMi1, Leica, USA), and immunofluorescence was observed with

a fluorescence microscope (K5, Leica, USA).

Culture of tissue-fragment derived organoids

ICC tumor tissues were washed at least 3 times with a washing

solution (LSNO00100201, Shanghai LiSheng Biotech, China), then

fragmented   into    diameters    of   0.5–2    mm   using    scissors.

Tissue–fragment     derived     organoids     were     collected     and

resuspended in medium  (LSTO01000403,   Shanghai LiSheng

Biotech, China), then transferred into 10 cm dishes. The medium

was semi–replaced every  week.   The information of  washing

solution and medium can be found on the website:http://www.sh–

lise.com

Culture of single-cell derived organoids

Tissue–fragment derived ICC organoids were collected after

7–14  days  and  then  digested  into  single  cells  using Organoid

Dissociation   Reagent   I    (LSNO00100501, Shanghai    LiSheng

Biotech, China) at 37 °C for  15–45 min. When the volume of

organoids decreased by half, the digestion liquid was filtered with

a 40 µm cell strainer (352340, Corning, USA) and centrifuged at

600× g for  10 min. The supernatant was removed and 2 mL of

medium was added to resuspend the cells. The cells were

centrifuged again at 600× g for 10 min and then resuspended in

1  mL of  medium.   Finally,  the cells  were cultured in   Clear

TC–treated  Multiple  Well  Plates  (3516, Corning  Incorporated,

USA).

Hematoxylin and Eosin (H&E) staining

Organoids were fixed with 4% formaldehyde (BL539A, Biosharp,

China) for  at least 24 h  and  embedded  in Tissue–Tek O.C.T.

compound (4583, Sakura Finetek, USA). Samples were sectioned

into  10 μm slices using a cryostat microtome (CM  1950, Leica,

USA). The sections  were   stained  with   hematoxylin solution

(BL700A, Biosharp, China) for 5 min and eosin staining solution

(BL700B, Biosharp, China) for 30 s. Finally, the sections were

mounted  with neutral balsam   (G8593, Solarbio, China) and

observed under a microscope (YI21, Shanghai Yuehe, China).

Immunofluorescence

Sections were permeabilized with PBS+0.25% TritonX–100 buffer

for 20 min at room temperature, followed by blocking with a

blocking buffer (E674004, BBI Life Science, China). Rabbit

anti–CK7 (ab68459, Abcam, USA) and CK19 (ab76539, Abcam,

USA) primary antibodies were diluted at a ratio of 1:200 and

incubated with the sections overnight at 4 °C. The sections were

then washed five times using 0.125% phosphate buffered saline

with  Tween  20  (PBST) and  incubated  with a secondary Cy3

antibody  (711–165–152,  Jackson  ImmunoResearch Laboratories

Inc., USA) diluted at a ratio of 1:500. Nuclei were stained with

DAPI  (diluted  at a ratio of 1:1000). Fluorescence images were

acquired using a Leica K5 microscope.

Whole exome sequencing

For  each  sample,  200  ng of  genomic  DNA  was shared with

150–200 bp fragments to construct libraries. The whole exome

was  captured  using  AIExome®  Human  Exome Panel  V3  with

TargetSeq  One®  Hyb  &  Wash Kit v2.0 (iGeneTech Co., Ltd,

Beijing,  China)  and sequenced on DNBSEQ–T7 with   150–bp

reads.

RNA sequencing

RNA Isolation Kit (DP451, TIANGEN, China) was used to isolate

cellular mRNA. The RNA concentration was measured using a

Qubit4 fluorometer. Reverse transcription was performed using

an RT Kit (KR118, TIANGEN, China) and libraries were 

generated using an RNA Library Prep Kit (E7530L, NEB, USA).

Both libraries were sequenced on DNBSEQ–T7 with PE–150 bp

reads for subsequent analysis.

Statistical analysis

Angle degree and size of organoids were measured with ImageJ

and data analysis was performed using Prism software. All data

are expressed as mean ± standard deviation. Expression level of

immune genes was measured with TPM value, and visualized

with   Omicshare   website   tool.   Mutations   from   WES   were

annotated  with  ANNOVAR.  TPM value was generated with

Salmon, and clustered with factoextra package, and DEGs were

found   with    DESeq2. GO analysis   were    performed   with

ClusterProfiler website tool.

Results

Establishment    and    identification    of    tissue-fragment 

derived ICC organoids

We obtained primary tumor tissue from patients with intrahepatic

cholangiocarcinoma  (ICC) and generated ICC organoids using

two   distinct   methodologies:    single–cell   isolation    and   tissue

fragmentation (Fig. 1a).  For  the generation of  tissue–fragment

derived organoids, patient tissues were mechanically dissected into

fragments measuring approximately 0.5–2 mm in diameter using

surgical scissors, followed by suspension culture in a specialized

medium.  In  contrast,  for  the  production  of single–cell  derived

organoids, patient tissues were enzymatically digested to obtain

individual cells   which    were    subsequently  cultured    under

suspension conditions.

The mechanical fragmentation method used for organoid

generation results in tissue–fragment derived ICC organoids

exhibiting jagged edges at the beginning of the culture period.

However, over time, these organoids acquire a smoother edge,

indicating their growth and self–repair capabilities (Fig. 1b). We

took  the minimum angle degree  to measure the   growth of

organoids.  During  the  culture,  the  minimum angle degree of

organoids increase to 180° (spherical), indicate that ICC organoids

could repair and regenerate.
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upregulated in ICC tumor tissues
[12]

. The expression patterns of

CK7, CK19, and CD45 in organoids and tissue were found to be

similar, indicating that organoids maintain the pathological

features of their origin tissue at a millimeter scale, and maintain

immune microenvironment (Fig. 2a). Additionally, H&E staining

of ICC organoids demonstrated the resemblance between ICC

organoids and tissue (Fig. 2b).

To  further  validate  the  stability  of organoids,  whole  exome

sequencing  (WES)  was  conducted  to  investigate  the mutation

https://www.sciopen.com

Morphology  and  molecular  features of  tissue-fragment

derived ICC organoids

One of the key features of organoids is their ability to recapitulate

characteristics of their tissue of origin. Therefore, we conducted

immunocytochemistry  experiments  on  ICC  organoids derived

from    tissue    fragments     and    compared     them    with    the

corresponding tissue source. CK7 and CK19 are biomarkers for

biliary epithelial cells, which were found to be significantly

Figure 1.   Refined establishment protocol for the culture of organoids:  (a) Schematic illustration of this study; (b) development of tissue-fragment derived ICC

organoids. During the culture period, the organoid edges exhibited a smooth appearance, indicating growth and self-repair. Top: microscopy observation of ICC

organoids. Bottom: the degree of minimum angle of organoids (left), measurements ofthe growth of organoids (right). The scale bar represents 200 μm.
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Figure 2.  Identification of tissue-fragment derived ICC organoids: (a) Expression patterns ofCK7 and CK19 in ICC tumor tissue and organoids were found to be

similar, with a consistent pattern observed in both tissue samples and organoids. The scale bar represents 200 μm. (b) H&E staining revealed that the cancer region was

preserved in the organoids compared to its original tissue. The scale bar represents 200 μm . (c ) Comparison of gene mutation numbers between tumor tissue and 

organoids showed that mutations with an allele frequency > 0.25 were selected for analysis. Both tissue samples and organoids exhibited IDH1 exon6:c.G532A:p.V178I

mutation, which remained stable even after 14 days of culture.

identified a mutation in IDH1 (exon6:c.G532A:p.V178I), a key

gene    involved    in    intrahepatic    cholangiocarcinoma    (ICC)

development, which was also maintained in the organoids

(Fig. 2c).   Therefore,   both   morphological    characteristics   and

profile. The analysis revealed that the number and type of

mutations  in  organoids remained consistent   (1733  mutations

affecting 94.2% genes, as shown in Fig. 2c), indicating the

robustness of our culture method and medium. Additionally, we
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genomic features were preserved in tissue–fragment derived ICC

organoids, demonstrating the feasibility of our advanced culture

approach.

Establishment of single-cell derived ICC organoids

Although tissue–fragment derived ICC organoids can capture the

diverse characteristics of  ICC  tumor tissue, their   application

potential  in  the industry  field, such as high–throughput drug

screening, is limited due to their relatively large volume and low

throughput. In the matrigel–based organoid culture method,

matrigel serves as a scaffold for single cells, facilitating the

generation of  self–proliferating   organoids. However, handling

matrigel  can  be  challenging  for  beginners  and  both  time  and

financial   resources   required    are substantial.    Therefore,   we

investigated  the  potential of  ICC cells to form organoids in

suspension culture without the use of matrigel. Intriguingly, after

only  20 h   of  suspension culture in medium,  the   cells self–

organized  into  organoids   (Fig. 3a).  These organoids exhibited

growth and proliferation throughout the culture period, indicating

their suitability   for    high–throughput   screening    applications

(Fig. 3b). However, due to their small size and suspended state,

obtaining sections ofthese compactorganoidswas challenging.

Figure 3.   Observation ofsingle-cell derived ICC organoids: (a) Schematic diagram ofgeneration ofsingle–cell derived ICC organoids. (b) Development and growth

of single–cell–derived ICC organoids. The organoids exhibiting increased volume during culture after 20 h. Scale bar represents 200 μm. (c) The change of relative 

volume of organoids during culture.
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Figure 4. Gene expression profile of organoids: Cluster dendrogram illustrating the grouping of our samples and public data, with the red branch indicating the

presence of large duct type ICC organoids. Our organoids clustered closely with clinical ICC tissues. (b) Correlation heatmap depicting the strong correlation between 

ICC tissues and both single–cell and tissue–fragment derived organoids, highlighting the robustness of our culture method. (c) Volcano map displaying differentially 

expressed genes (DEGs) between single–cell and tissue–fragment derived organoids. While most genes maintained stable expression levels, DEGs were still observed 

due to variations in culture protocols. (d) Gene Ontology (GO) analysis revealed up–regulated immune pathways in single–cell derived organoids. (e) Heatmap of 

DEGs express in tissue and single–cell–derived organoids,  suggesting that different pathways were activate, and immune cells persisted within  the organoid 

environment despite being under abnormal activation states.

Gene expression profile of ICC organoids and clinic

tissues

To gain a comprehensive understanding of ICC organoids using

our advanced methodology, we conducted RNA–seq analysis at

day 3, day 6, and day 9. Furthermore, we also examined publicly

available ICC tissue and organoid datasets, GSE107943[13,14] and

GSE215997[15]. The cluster dendrogram reveals that large duct type

ICC organoids (SRR21949015–21949019) are grouped together in

a distinct branch. Interestingly, our organoids exhibit proximity to

ICC tumor tissues (SRR6373759–6373787),  as  supported by the

correlation heatmap analysis (Figs  4.a and 4b). This suggests that
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our organoids share similarities with clinical ICC tumor tissues.

However, it is worth noting that single–cell and tissue–fragment

organoids are clustered into separate branches, indicating inherent

differences between these two types. To quantify the impact of

these dissimilarities, we examined differentially expressed genes

(DEGs) between the two types of organoids. A total of 1638 genes

(5.9%) were found to be up–regulated, while 2132 genes (7.7%)

were  down–regulated  in  single–cell  derived organoids (Fig. 4c).

Gene Ontology analysis revealed distinct alterations in pathways

between  the  two  types  of organoids.  Notably,  immune–related

pathways exhibited upregulation in single–cell derived organoids

(Fig. 4d). Further  investigation   into  these  pathways identified

several  immune–related  genes  that were  upregulated,  including

IL9R,  CCR4  and IL2RB etc.  (Fig. 4e).  This observation may be 

attributed   to   the   stimulation   caused   by   enzyme digestion;

however, it was also confirmed that the presence of immune cells

within  the culture environment is crucial for immune drug

testing.

Discussion

Although the rapid development of  the   organoid field has

provided researchers with a novel model, certain limitations still

persist. The widely–used matrigel–based organoid culture method

poses challenges for beginners and is time–consuming, rendering

it unsuitable for clinical practitioners. In this study, we present an

advanced ICC organoid culture method that eliminates the need

for   matrigel,   making   it accessible to both single–cell and

tissue–fragment derived ICC organoids. Our developed method

ensures the preservation of molecular and morphological features

such  as  CK7  and  CK19 expression in  these organoids, while

exhibiting a gene expression profile similar to that of public ICC

tumor  tissue   data.  Additionally,  the   data   from  whole–exome

sequencing indicate that organoids exhibit similarity in mutation

sites and the number of genes compared to the tissue of origin.

This  suggests that  organoids  maintain genomic  stability at the

chromosomal   level.   These   compelling   findings   validate   the

usability and robustness ofour advanced ICC culture method.

Our    future    research    will    focus    on    investigating    the

microenvironment    of    organoids in greater     detail.  The

fragmentation  culture  method we have employed has shown

promise in   preserving    the    tissue    microenvironment and

organization pattern, albeit temporarily (Fig. 5). However, there is

still much to learn about how this preservation can be optimized

and extended. One significant advantage of our tissue–fragment

derived ICC organoids is their ability to retain the local tumor

immune microenvironment  that   is  lacking   in matrigel–based

organoid culture methods. This opens up new possibilities for

studying the interactions between cancer cells and immune cells

within a more physiologically relevant context. In particular, we

are interested in determining    whether     this     preserved

microenvironment can maintain its biological function over time.

Understanding how these organoids respond to various stimuli

and treatments will provide valuable insights into the mechanisms

underlying tumor–immune cell interactions. It is worth noting

that   immune   drugs   such   as pembrolizumab have already

demonstrated success in clinical therapy for ICC cancer patients.

By utilizing our advanced organoid culture method, we hope to

contribute   significantly   to   drug   screening   efforts   aimed at

identifying novel immunotherapies or optimizing existing ones

for  a  larger  patient  population.  Furthermore,  by  studying  the

microenvironment of these organoids, we may uncover potential

biomarkers or therapeutic targets specific to ICC cancers. This

knowledge could lead to personalized treatment strategies tailored

specifically for individual patients based on their unique tumor
characteristics.

Research ethics and patientconsent

The study was approved by the Ethics Committee of Zhongshan

Hospital, Fudan University (B2018–018(2)). Patient gave informed

consent to this study.

Figure 5. Different B cell state in two different protocols: Different organoid construction methods can lead to varying states of B cells. In organoids derived from

single cells, B cells are activated, possibly due to the exposure of new antigenic epitopes during the enzymatic digestion process, which stimulates the immune cells. In 

contrast, in organoids from tissue fragments, B cells remain in a stable state.
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In Brief

In this study,we employed enzymatic digestion

and mechanical fragmentationto generate

Glioblastoma (GBM)organoids.Utilizing

photography, RNA sequencing (RNA-seq), and 

histological staining, we meticulously

documented and compared the morphological

and molecular features ofthe organoids derived

from both methods.Our findings underscore

the preservation ofGBM’skeycharacteristics,

including its unique tissue architecture and gene

expression patterns.

Highlights

■ Successfullygenerated fourpatient-derived organoids.

■ RNA-seq was used to monitorgene expression changes atvarious stages oforganoid growth.

■ Both propagationmethods successfullymaintain the typical characteristics and immune microenvironment ofglioblastoma (GBM) organoids.

■ The GBM organoids prepared by mechanical fragmentation retained vascular architecture.
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ABSTRACT

Glioblastoma (GBM) is a highly aggressive brain tumor characterized by rapid growth and high heterogeneity, posing

challenges for fundamental research and personalized drug screening due to the lack of suitable models. GBM organoids

serve as an innovative research tool, providing a valuable model for studying the biological characteristics of GBM. In this

study, we successfully generated 4 GBM organoids and employed enzymatic digestion and mechanical fragmentation

techniques for subsequent cultivation. Through continuous observation, pathological assessment, and RNA sequencing

(RNA-seq), we observed that all the organoids generated through   both   methods   demonstrated   good   growth

characteristics. The organoids derived from mechanical fragmentation not only achieved a two-dimensional (2D) area of

~ 1.5 mm2 but also exhibited distinct vascular structures. The organoids derived from enzymatic digestion achieved a 2D

area of approximately 0.8 mm2 . Furthermore, RNA-seq analysis has revealed that organoids cultured using two distinct

methods exhibit a heterogeneous cellular composition, comprising a total of 20 cell types (endothelial, immune cells ...).

Our studies show that both methods successfully maintained the essential characteristics of GBM, encompassing its

distinctive tissue structure and gene expression patterns. Each method exhibits its own attributes, contributing to the

understanding of GBM organoids.

KEYWORDS

glioblastoma (GBM), organoids, patient-derived models, RNA sequencing, heterogeneity
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constrained by their inability to fully replicate the complexity and

three-dimensional architecture of in  vivo  tissues. They may not

accurately    reflect the     dynamic    and     spatially    organized

microenvironments found in real tissues, potentially leading to a

reduced predictive accuracy of therapeutic responses. In recent

years, organoid research has received widespread attention and

development,  and  organoids have significant advantages over

traditional 2D cell lines in retaining complexity and heterogeneity

of the original tumor[6–8]. Many studies have shown that organoid

models exhibit sensitivities to targeted therapies or radiation that

are  similar  to  those  of  tumors  in  the  body[9,10],  demonstrating

significant potential in drug screening[11,12]. For instance, the breast

cancer  organoids  established by Norman  Sachs  and  colleagues

have    successfully     retained    the     histological     and    genetic

Introduction

Glioblastoma (GBM) is the most common high-grade primary

malignant brain tumor in adults. This tumor is characterized by

its highly invasive nature, widespread heterogeneity, and has a

poor  prognosis,  with   a  median   survival  period typically not

exceeding two years[1]. Despite recent progress in GBM research,

there is still no curative treatment.  Comprehensive therapeutic

approaches such as surgical resection, radiotherapy, and

chemotherapy can only  marginally  prolong   patients'   survival

times[2,3]. Therefore, GBM remains a significant challenge in the

field ofneuro-oncology.

Traditional  two-dimensional  (2D)  cell  lines  hold  substantial
value for disease research[4,5]. However, these models are
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characteristics of the original tumors[13]. The observation that the

organoids’drug   responses   corresponded   with   the   patients’

responses underscores the potential of organoids as predictive in

vitro models. Currently, an increasing number of  organoid

models are being developed to simulate various tumors, such as

ovarian, pancreatic, and liver tumors[14–16]. These organoid models

provide  more reliable  experimental evidence for studying the

occurrence,  development,  and treatment of  tumor. With the

continuous    development   and     optimization    of     organoid

technology, more breakthroughs in the field of biomedicine are

expected in the future.

GBM exhibits extensive inter- and intratumor heterogeneity,

which hinders  in-depth  investigations  into the pathogenesis  of

GBM   and   impacts   the   development   of effective   treatment
strategies[17].   Existing models often struggle to capture the  

intricacies of GBM. Consequently, there is a pressing need for the

development of more sophisticated models that can better reflect

these complexities. GBM organoids can better simulate the

heterogeneity and complexity of GBM[18–21]. For example, Jeremy

Rich    derived    organoids    from    patient    GBM    tissue    and

characterized the stem cell heterogeneity and hypoxia gradients[18];

Fadi Jacob and colleagues have developed an innovative method

to quickly establish GBM organoids from tumor tissue without

dissociating the  tumor  tissue into single cells. The organoids

derived   from   this    method   retain    a   significant    degree   of

heterogeneity,    gene     expression     profiles,     and    mutational

characteristics of the original tumor cells[19]. These organoids are

expected to provide powerful tools for in-depth study of GBM

pathogenesis,  drug responses,  and treatment strategies.  Despite

recent significant progress in the development of GBM organoid,

there are still some limitations that need to be resolved. Such as

immune  response  deficiencies and the absence of  a vascular
system, as well as debates regarding structural and genetic

fidelity[22,23].   Consequently, the   development of novel GBM

organoids is crucial for a deeper understanding of the biological

characteristics ofthis disease.

In this study, we generated organoid using surgical samples

from four patients with GBM. This method does not require the

dissociation of tissue into single cells, nor the addition of matrix

gel. To avoid necrosis in the core of the organoids, we adopted

two  methods  to  reduce  the size of  the  organoids: One is to

mechanically fragment the organoids, resulting in smaller pieces,

and the other is enzymatic digestion of the organoids into single

cells. To enhance our understanding of the characteristics of each

method, we conducted photography, pathological staining, and

RNA-seq analysis. Our results demonstrated that the organoids

could preserve the key features of GBM and a portion of the

tumor      microenvironment.      Furthermore,      we      observed

heterogeneity among organoids derived from different patients. In

summary, both methods provide insights for organoid research.

Results

Generation of GBM organoids without Matrigel and

enzymes

With the full informed consent of the patients, we processed fresh

surgically resected  GBM  tissue  samples  from  four  patients.  In

contrast to the conventional method of digesting tissue into single

cells for organoid generation, we adopted a simplified method:

Initially, the GBM tissue was meticulously washed with a tissue

irrigation buffer to eliminate contaminants, ensuring the sterility

of subsequent experiments. Subsequently, the tissue was manually

cut into   small pieces   approximately   1   mm3 in   size   using

ophthalmic scissors. These pieces were directly mixed into

organoid medium (without Matrigel) to facilitate in vitro growth.

This   simplified   method   is designed to promote organoid

formation more efficiently. Typically, these small tissue pieces can

generate organoids  within   approximately  2 weeks.   To avoid

necrosis in the core of the organoids, we adopted 2 methods to

reduce the size of the organoids. As shown in Fig. 1a, we first

treated the surgical tissue from four patients using the method and

successfully generated    GBM    organoids.    Subsequently,    we

subjected  some of  these organoids  to RNA-seq analysis and

divided the remaining organoids into 2 groups: one group

underwent mechanical fragmentation into smaller pieces (Group

1), while the other was enzymatically digested to obtain a single-

cell  suspension  (Group  2).  Both  groups  were  seeded  into  low

attachment six-well plates  (with three replicate wells each) and

continued to be cultured. On the third post-inoculation (Day 2),

we observed the formation of GBM organoids with a diameter of

approximately 200 μm in Group 2, partial organoid samples from

all groups were collected simultaneously for RNA-seq analysis.

After  14 days, we collected all groups of organoids, with some

used for pathological staining and others for RNA-seq.

The growth of GBMorganoids

To  monitor the  development  of the  organoids,  we  performed

serial photography.   Organoids   generated   from tissue pieces

demonstrated favorable growth characteristics. Initially, the edges

of these small pieces were distinct. After 2 weeks in culture, the

organoids’edges became smooth and even, with cells observed to

proliferate outward (Fig. 1b). On the third day post-inoculation

(Day 2), cells from Group 2 had formed numerous small

organoids. Over time, these organoids increased in size and began

to merge with adjacent organoids, resulting in larger, diversely

shaped organoids (Figs.2a and 2c). It is worth noting that the

organoids within this group exhibited a small volume difference,

with  a  relative  increase in volume  ranging from 2 to  5 times

(Fig. 3a). However, Group 2-2, after forming organoids with a

diameter of approximately 200 mm, did not exhibit significant

growth changes during subsequent cultivation, and the specific

reasons for this observation are yet to be elucidated. In contrast,

the organoids from Group 1, which started with larger volumes,

showed a relatively mild growth trend. These organoids gradually

proliferate and grow, and have undergone fusion, resulting in the

formation of organoids with diverse shapes. (Figs  2.a and 2b). It

was encouraging to observe that some Group   1 organoids

displayed clear vascular structures (Fig. 1c), although there was a

significant variation in the volume of organoids within the group

(Fig. 3a). To better summarize the growth characteristics of

organoids,  we  conducted a detailed statistical analysis of  the

number   of   organoids   (Fig. 3b),   the   maximum volume of

organoids in each group (Fig. 3c), and the number of organoids

exceeding a volume of 200,000 μm² (Fig. 3d). The results show

that, during the early stages of organoid cultivation, there was a

higher abundance of organoids with relatively smaller volumes. As

the cultivation period progressed, the total number of organoids

decreased, while the volume of organoids increased, and the count

oflarger organoids also rose.
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Figure 1. Generation of GBM organoids. (a) Methodological overview and key steps. (b) Brightfield microscopy images oforganoid GBO-2W (organoids generated

after 2 weeks of tissue culture) derived from tissue; scale bar = 500 μm. (c) Organoids with vascular structures (Group 1); Scale bar = 500 μm. (d) Organoids with 

vascular structures (GBO-2W); scale bar = 500 μm. (e) Schematic diagram of organoid characteristics across groups.
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Figure 2. Growth record of organoids.  (a) Organoid growth panorama; scale bar = 500 μm. (b) Brightfield microscopy images of Group 1; Scale bar = 500 μm.

(c) Brightfield microscopy images of Group 2; scale bar = 500 μm.
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Figure 3.   Growth record statistics chart and H&E staining results. (a) The statistics chart oforganoid relative size. (b) The quantitative statistics chart oforganoids.

(c) The 2D area statistics chart of the largest organoids per group. (d) The statistical chart of the number of organoids with 2D area exceeding 200,000 μm
2
.

(e) Pathological analysis (H&E staining); Scale bar = 100 μm.

histological technique that clearly reveals the morphological

structure of tissues and cells. Analysis of the organoids and their

matched tissues after H&E staining revealed that our organoids

Histological characterization of GBM organoids

Hematoxylin  and  Eosin  (H&E)  staining is a commonly used
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contrast,   GBM    organoid   models offer    a   more    authentic

representation of tumors, providing a more precise experimental

platform for studying cellular interactions, immune cell dynamics,

and drug responses[18,19,28].

In this study, we successfully generated organoids from GBM

tissue  resected  from patients. HE staining showed that these

organoids retained the typical histological features of GBM. RNA-

seq confirmed that the organoids maintained GBM-specific gene

expression profiles. cell type analysis demonstrated the diversity of

cells within the organoids. Previous studies have shown significant

heterogeneity among GBM patients[29], a characteristic that was

reflected in our organoids, The organoids derived from tumor

tissues ofvarious patients demonstrated a notable diversity in their

transcriptional profiles. Unlike other methods for generating

organoids from patient-derived tissues, our methods circumvent

the need for dissociating tumor tissue into single cells and does

not employ the use ofMatrigel.

The generation of organoids from tissue pieces typically takes

about two weeks. As organoids increase in size, larger ones may

experience  hypoxia and nutrient deprivation in their central

regions, leading to cell apoptosis and necrosis. To overcome this

limitation, we adopted two methods—enzymatic digestion and

mechanical fragmentation—to reduce   the    organoids’ size.

Encouragingly,  after  enzymatic  digestion,  the  dissociated  single

cells exhibited the capacity to self-assemble into new organoids

without the supplementation of any extracellular matrigel. Both

H&E   staining   and   RNA   sequencing analysis showed  that

organoids treated with enzymatic digestion   (Group   1)   and

mechanical  fragmentation  (Group 2) successfully  retained the

typical histological features and gene expression profiles of GBM.

Additionally, organoids from both treatment methods showed a

significant  similarity  in transcriptome  and  cell diversity  to the

GBO-2W organoids. Photography  records   indicated  that the

mechanical fragmentation tended to preserve some of the original
tissue’s architecture, while the enzymatic digestion required cells 

to re-establish interactions during the cultivation process, which

might have resulted in the loss of the original tissue structure.

However, enzymatic digestion leads to the formation of uniformly

sized  organoids. Both methods  have their advantages in the

cultivation of patient-derived organoids mechanical fragmentation

may be suitable for experiments requiring the preservation of the

original tissue structure, while enzymatic digestion may be more

appropriate for studying the process ofcellular tissue remodeling.

Tumors  are complex ecosystems composed of  various cell

types, not just tumor cells, but also including multiple non-tumor

cell types[30]. Our organoids also contained other non-tumor cell

types,  such  as  endothelial  cells, mural cell and immune cells.

Significantly, the relative proportions of these cell types remained

stable throughout the cultivation  process.  The  tumor  immune

microenvironment plays a pivotal role in tumor development, and

researchers    are continuously optimizing    organoid    culture

techniques to mimic the immune response more accurately within

tumors[31–33].  Currently,  two  main strategies  are employed: one

involves retaining and expanding the original immune cells within

the organoids, and the other involves introducing new immune

cells into the organoid culture system[34]. We have paid particular

attention to the retention of immune cells during the organoid

culture  process  and  found that our culture system effectively

maintained the  immune  microenvironment  in both  Groups  1

and 2.

Although we successfully generated organoids that reflect

closely resembled their parental tumors in tissue morphology and

exhibited typical features of GBM. In the organoid sections, dense

clusters of tumor cells with irregular shapes and varying sizes were

observed. The nuclei  were   enlarged, irregular in shape, and

exhibited uneven chromatin distribution. Binucleation or

multinucleation was also observed. Additionally, necrotic features

characteristic of GBM, such as pseudopalisading, were observed in

the  organoids  from patients  3  and  4,  designated  as  GBO-2W

(Fig. 3c).

Transcriptome Characterization of GBM Organoids

RNA   sequencing   (RNA-seq) technology   was employed to

elucidate   the   dynamics   of   gene   expression during disease

progression.   To    confirm   whether    organoids    retained   key

characteristics of GBM, bulk RNA-seq analysis was conducted on

organoids from Groups 1 and 2, encompassing two time points

(Days 2 and 14), as well as organoids at the GBO-2W (Organoids

generated after 2 weeks of tissue culture) stage (Fig. 4a). Utilizing a

panel of cell markers to distinguish various cell populations within

the  neural  tissue (Fig. 5a),  our results showed that organoids

derived from Patient 1 exhibited pronounced expression of genes

related to the   immune   and   vascular   systems.   In   contrast,
organoids from Patient 3 showed significant expression of genes

associated with astrocytes and cell proliferation. Organoids from

Patients 2 and 4 displayed elevated expression of genes related to

astrocytes,   immune    cells,    oligodendrocyte    precursor    cells,

angiogenesis, and cell cycle regulation. The organoids from the

four patients  exhibited  a  rich  diversity  of cell  types,  including

tumor  cells,  immune  cells, and  vascular-related cells (Fig. 4c).

Moreover,   the   organoids from   different   patients   exhibited

significant transcriptional    differences, which were further

confirmed  by principal component analysis (PCA) (Fig. 4d).

Notably, organoids from the same patient source in Groups 1 and

2 at the two time points (Days 2 and  14) demonstrated a high

degree   of similarity   in   cell   composition   to   the   GBO-2W

organoids, with the proportion of various cell types remaining

relatively stable over time (Fig. 5b). Correlation analysis further

indicated a high level of  transcriptional   consistency among

organoids  from   different groups of  the same  patient   

source

(Fig. 4b).

The tumor immune microenvironment plays a crucial role in

tumor growth and progression. To investigate the dynamic

changes in the immune microenvironment within organoids, we

analyzed   the   RNA-seq   data.   The   results   showed   that   the

proportions of various immune cells in Groups 1 and 2 remained
strikingly similar across different time points (Fig. 5b), with

monocytes consistently maintaining a high proportion. Further

analysis of the proportion of each immune cell type revealed that

the immune cell composition in Groups 1 and 2 did not undergo

significant changes over time (Fig. 5d). Additionally, it was

observed that the endothelial cell population in both Groups 1 and

2 did not exhibit significant changes over time (Fig. 5c).

Discussion

Traditional GBM cell lines, including U87, U251, and GL261,

have  played   a pivotal   role in medical research,  providing   a

foundational   experimental    platform   for    elucidating   disease

mechanisms, and conducting drug screening[24,25]. However, these

cell lines are limited by their inability to accurately replicate the

three-dimensional architecture and heterogeneity of tumors[26,27]. In
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Figure4.   Bulk  RNA-Seq  analysis  of organoids.  (a) The workflow for Bulk RNA-Seq analysis. (b) Correlation analysis. (c) Cell type distribution. (d) Principal

component analysis.
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Figure 5.   Cell type-specific molecular markers in organoids and RNA-Seq analysis of the immune microenvironment. (a) Cell type-specific molecular marker 

expression analysis. (b) Relative expression of immune microenvironment cells in organoids. (c) Alteration of immune microenvironment cells presence over time in

organoids at Days 0, 2, and 14 of culture.
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and transferred to a new 10 cm dish, with a minimal volume of

liquid retained to preserve organoid hydration while excess

medium was removed. The organoids were cut into smaller pieces

using ophthalmic scissors. Subsequently, 6 mL of medium was

added, and the organoid-laden medium was evenly distributed

into low-adhesion 6-well plates. Throughout the cultivation

process, the medium was consistently replenished every 5–7 days,

and its composition was promptly adjusted based on its color and

turbidity to ensure an optimal environment for organoid growth.

Enzymatic digestion

Group  2:  An  appropriate  number of  organoids  was carefully

taken, transferred to a 6-well plate, and allowed to settle at the

bottom,    with    any     excess     supernatant    being     removed.

Subsequently,    200     μL    of    organoid    dissociation     reagent

(LSNO00100501; Shanghai Lisheng Biotech, China) was added,

and the organoids were cut into small pieces with ophthalmic

scissors to facilitate enzymatic digestion. After adding  1 mL  of

organoid dissociation reagent and thoroughly mixing, the mixture

was placed in an incubator and shaken for 20 min to complete the

digestion process. The mixture was repeatedly aspirated with a

1  mL  pipette  to  break  up  any  visible  clumps. If  a  noticeable
resistance due to clogged particles was felt,  the digestion was 

continued for  an  additional  10  min.  The  mixture was  filtered

through a 70 μm cell strainer, and the strainer was rinsed with

2 mL of  medium   to   collect a single-cell suspension. This

suspension  was  then centrifuged   (600  r/min,  10  min). After

centrifugation, the supernatant was carefully removed, and the

cells were  resuspended  in  2  mL  of  medium.  This  suspension

underwent  a  second  centrifugation at 600 r/min for   10  min.

Following the second spin, the supernatant was again removed,

and the cells were resuspended in 6 mL of fresh medium. This cell

suspension was then evenly distributed into three replicate wells in

a 6-well plate. The medium was routinely replenished every 5–7
days, with adjustments made as necessary based on the medium’s

color and turbidity to ensure a conducive culture environment.

Organoids growth analysis

In this study, we used ImageJ software to quantitatively analyze

the size  of  the organoids, measuring the   changes  in  size  at

different time points and continuously monitoring the growth and

morphological  changes  of  the  organoids.  These  data  provided

important information for assessing the impact of experimental

methods on organoid growth.

H&E staining

Tissue and organoids were fixed in 4% paraformaldehyde (PFA,

BL539A, Biosharp) for 48 h, followed by gradient dehydration

(1 h in  10%, 2 h in 20%, and overnight in 30% sucrose), then

embedded in tissue-freezing medium (OCT) and rapidly frozen

with liquid nitrogen. Section 10 micrometers thick were prepared

using a microtome. Subsequently, H&E staining was performed

according to the instructions provided with the H&E staining kit

(G1120) from Solarbio (China).

RNA sequencing

After the collection of organoids, the samples were immediately

placed on ice and treated with an adequate amount of TRIzol

reagent for tissue lysis. The samples were then thoroughly

homogenized using a disposable pestle to ensure   complete

experiment, we generated organoids from GBM tissue of only

four patients. Moreover,   despite   adopting   some   histological

staining and RNA-seq analysis, the limited number of organoid

samples  may  not  fully  reveal  the  characteristics of  our  GBM

organoids.   Therefore,   enhancing   the   efficiency   of   organoid

generation and delving into a more comprehensive analysis of

their  characteristics  will  be  central to our upcoming research

endeavors.

In summary, our study shows the characteristics of mechanical

fragmentation and enzymatic digestion within the organoid

cultivation process, which may offer a preliminary reference for

future  research  in this area. Furthermore, it is advisable for

researchers  to  take  into  account  their research objectives and

specific needs when choosing a suitablecultivationmethod.

Methods and materials

Tissue collection

We strictly  adhere  to   ethical  norms   and standard  operating

procedures in the collection of clinical tissue samples, ensuring the

integrity  and  quality  of  the  samples.  The  main steps  include:

identifying   patients,   obtaining    informed   consent,    collecting

samples,  processing  samples, storage, and documentation. All

sample collection work is carried out by professionally trained

medical personnel following prescribed procedures to reduce the

risk of sample contamination, ensure the viability of the samples,

and  facilitate  subsequent  analysis. At the same time, we also

implement strict record-keeping and label management systems

to ensure the traceability of samples and facilitate accurate data

management. In the collection of all clinical samples, we strictly

adhered to the ethical guidelines of the Xinhua Hospital Affiliated

to Shanghai Jiao Tong University School of Medicine and the

ethical codeXHEC-D-2024-019.

Organoid culture

In this study, we employed a standardized protocol for processing

fresh  GBM  tissue  samples  to  generate  organoids.  First,  freshly

obtained GBM tissue samples were immersed in a tissue irrigation

buffer  (LSNO00100201;  Shanghai  Lisheng  Biotech, China) for

3 min to eliminate potential contaminants and non-cellular debris.

The tissue samples were then transferred to a 50 mL centrifuge

tube and washed 3–5 times with fresh tissue irrigation buffer, each

time adding 5–10 mL and gently agitating to ensure thorough

cleansing. Following the washing steps, the tissue samples were

placed into a  10 cm dish and infused with  100  μL of medium

(LSTO015004;   Shanghai   Lisheng Biotech,    China).   Utilizing

ophthalmic scissors, the tissue samples were cut into micro-tissue

pieces approximately 1 mm3 in size. After resuspending the micro-

tissue pieces in 1 mL of medium, they were transferred to a new

10 cm dish for observation and further cultivation. Finally, 15 mL

of medium was added, and the dish was incubated in an incubator

at 37 °C with 5% CO2 to facilitate growth.

During the organoid cultivation process, we replaced part of the

medium every 5–7 days, or adjusted it in time according to the

color and turbidity of the medium to ensure sufficient nutrition

for the  growth  of organoids. We  meticulously monitored  and

regulated  the  cultivation  conditions  throughout  the  process to

guarantee the precision and reliability of our experimental

outcomes.

Group 1: A portion of the GBO-2W organoids were aspirated
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disruption of the tissue cells. The homogenate was carefully stored

at –80  °C in a  low-temperature freezer to maintain sample

integrity.   Subsequently, the   samples were sent   to   Shanghai

HonSun   Biological    Technology   Co.,    Ltd.   for    professional

sequencing  services  to  ensure  the  accuracy  and  quality  of the

analysis.The  bulk  RNA-seq  data  were  processed  using  the  kb

Python  package,  a  wrapper  around  kallisto  and  bustools.  The

reference genome and gene annotation files were sourced from

10× Genomics. A kallisto index was created for efficient transcript-

to-gene mapping. The resulting count matrices were imported

into R for normalization and differential gene expression analysis

using the DESeq2 R package. PCA was performed on the variable

gene matrix, selecting the top 50 components for further analysis.

To correct for batch effects from different organoids, the harmony

algorithm  was  employed.  Cell  clusters  were  defined  using  the

Leiden   algorithm    on    nearest    neighbor   graphs    based    on

harmonized embedding. UMAP was used for visualization.

Marker genes were identified using Scanpy’s `rank_genes_groups`

function with logistic regression (method='logreg') for up to 200

genes.  Cluster  markers were  interpreted,  and  cluster identities

were assigned based on known cell type annotations from

literature, such as Astrocyte  (SLC1A2,  S100B  GFAP, ALDOC,

PTN...), Cell Cycle (MKI67, TPO2A, PCNA, MCM5), Immune
cell (PTPRC, CD8A, CD4, CD79A, CD19...), Oligodendrocyte/

OPC(MOG, MBP, MAG, MOBP, SOX10, OLIG1, OLIG2,

PDGFRA...),Vasculature (COL4A1,CLDN11, FN1, COL1A2).

Statistical analysis

Data were gathered from a minimum of three replicates, with the

quantitative outcomes presented as the mean value accompanied

by the standard deviation. The statistical analysis was executed

utilizing GraphPad Prism 8.0.

Research ethics and patientconsent
Clinical  samples  were  collected  in  accordance  with  the  ethical

guidelines set forth by the Ethics Committee of Xinhua Hospital

Affiliated with Shanghai Jiao Tong University School of Medicine.

The study was granted ethical Approval No. XHEC-D-2024-019.

Before donating samples, all participants provided informed

consent, explicitly stating the intended use of their samples for

future research. The voluntary participation and understanding of

the  study's  objectives by the participants played a vital role in

upholding   ethical   standards   throughout   the   course   of   this

research.
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Abstract

Ovarian cancer is high recurrence and mortality malignant tumor. The most

common ovarian cancer was High-Grade Serous Ovarian Cancer. However,

High-Grade  Serous  Ovarian  Cancer  organoid  is  rare,  which  organoid  wit h

patient immune microenvironment and blood vessels even absence. Here,  we

report a novel High-Grade Serous Ovarian Cancer organoid system derived

from patient ovarian cancer samples.  These organoids recapitulate High-Grade

Serous  Ovarian  Cancer  organoids’ histological and molecular heterogeneity

while preserving the critical immune microenvironment and blood vessels, as

evidenced by the presence of CD34+ endothelial cells. Whole exome sequencing

identifies key mutations (CSMD3, TP53, GABRA6). Organoids show promise in

testing cisplatin sensitivity for patients resistant to carboplatin and paclitaxel,

with notable responses in cancer proteoglycans and p53 (TP53) signaling, like

ACTG /ACTB1 /AKT2  genes  and  BBC3 /MDM2/PERP.  Integration  of  immune

microenvironment and blood vessels enhances potential for novel therapies

like immunotherapies and angiogenesis inhibitors. Our work may provide a

new detection system and theoretical basis for ovarian cancer research and

individual therapy.

Patient-derived ovarian cancer organoid carries immune

microenvironment and bloodvessel keeping high response

to cisplatin
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1        INTRODUCTION

Ovarian cancer, a complex and multifaceted disease,

remains a formidable challenge in oncology, with High-

Grade Serous Ovarian Cancer (HGSOC) being the most

aggressive  and prevalent form.1,2 Despite advances in

detection and treatment , HGSOC is characterized by high

recurrence,  incidence, and mortality rates that underscore

the urgent need for more effective therapeutic strategies.3–5

The 5-year relative survival rate for all types of ovarian

cancer is approximately 50%, with significant variation

depending on factors such as the stage at diagnosis, age,

and health of the patient, and the efficacy of the treat-

ment plan.6–8The standard first-line treatment for ovarian

cancer postsurgery has been a regimen o f platinum-based

chemotherapy,  such as carboplatin or cisplatin, combined

with paclitaxel or similar drugs.9,10 While this approach

can be initially effective, approximately 70% of HGSOC

patients experience a recurrence, highlighting the limita-

tions of current therapies and the critical need for alterna -

tive strategies.11–14 In cases of platinum-resistant ovarian

cancer, a variety of treatments are considered, including

targeted therapy with Bevacizumab, which inhibits angio-

genesis by blocking VEGF-A, and PARP inhibitors like

Niraparib and Olaparib that interfere with DNA repair

mechanisms in cancer cells.11,15,16 Additionally, the inte-

gration  of  chemotherapy  with  immunotherapies,   such

as checkpoint inhibitors Nivolumab and Pembrolizumab,

represents a promising avenue of exploration.17

HGSOC, characterized by its aggressive nature and high

relapse  rate,  exemplifies  the  limitations  of  a  one-size-

fits-all  treatment  approach.  This  situation highlights  a

profound need for personalized treatment plans, driven

by a deep understanding of individual tumor biology and

patient-specific response patterns to various therapies. 18,19

The intricate interplay of genetic, molecular, and envi-

ronmental  factors  influencing  tumor  behavior  necessi-

tates a departure from traditional treatment modalities

towards more individualized strategies.1,20–22 The advent

of  organoid  technology,  which  allows for the cultiva-

tion of patient-derived tumor cells in three-dimensional

structures that closely replicate the cellular heterogene-

ity,   genomic  characteristics, and microenvironment of

the  original  tumor, offers a  groundbreaking approach

to precision medicine.23–26 By enabling high-fidelity dis-

ease modeling and drug response testing, organoids hold

the potential to transform the landscape of ovarian can-

cer treatment, paving the way for highly individualized

and  effective  therapeutic  strategies.  This  approach  not

only enhances the efficacy of treatment but also mini-

mizes the risk of adverse effects and the development of

resistance.27–31

In the evolving landscape of ovarian cancer research,

the development of models that accurately reflect the com-

plex biology  of HGSOC  remains  a  critical  challenge.32

Herein, we introduce a meticulously developed method

for the swift creation of ovarian cancer organoids from

freshly  procured  tumor  samples,  employing  a  defined

culture medium without necessitating single-cell disso-

ciation. Our initiative has led to the establishment of a

little biobank of ovarian cancer organoids, alongside thor-

ough  histological,  molecular,  and  genomic  evaluations

demonstrating that these organoids closely mirror the het-

erogeneity  observed both between  and within  tumors.

These organoids faithfully preserve key features of their

parental tumors, including specific immune cell markers

and vascular endothelial markers,  thus demonstrating the

advanced methodological design and biological fidel ity of

the organoid platform.

Our organoids have been meticulously engineered to

encapsulate a wide array of cellular markers identified

through  single-cell RNA  sequencing  (scRNA-seq),  pro-

viding  insight  into  the  cellular  heterogeneity  inherent

to  HGSOC. This  includes  the  identification  of specific

immune  cell  markers and  vascular endothelial  mark-

ers,  crucial for understanding the interactions within the

tumor microenvironment. For instance, the presence of

CD4, CD8A, and CD8B for T cells, and PECAM1, CD34,

and  CDH5  for endothelial cells  within our organoids

offers a nuanced view of the tumor’s immune landscape

and vascular network. This comprehensive characteriza-

tion exemplifies our dedication to developing  a model

that closely mimics the complex biological landscape of

ovarian malignancies. A cornerstone of our research has

been the application of these organoids in assessing the

responsiveness to cisplatin, particularly for patients who

have previously undergone  treatment with  carboplatin

and paclitaxel. This approach yielded insights that are

closely  aligned with  the  patients’  individual  reactions,

thereby offering a predictive framework for addressing

resistance to standard chemotherapy regimens. It is a tes-

tament to our organoids’ utility in facilitating personalized

treatment strategies, marking a stride towards precision

oncology.
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2 RESULTS

2.1 Culture and characterization of
ovarian cancer organoids from

patient-derived tumors

In an effort to closely emulate the intricate morphologi-

cal characteristics and crucial cell–cell interactions present

in original ovarian tumors, we devised a novel organoid

culture protocol.  This method circumvents the enzymatic

dissociation of tumors into single cells, thereby preserving

the structural integrity and cellular heterogeneity of the

original tumor tissue. We totally established 7 organoids

in this research, including OV004 (61 years old, HGSOC),

OV014  (68  years old, HGSOC),    OV015 (52  years old,

HGSOC),  OV016 (69  years old, HGSOC), OV076 (59  years 

old, right-sided fallopian tube mass), OV077 (96 years old,

unknown) and OV078 (67 years old, unknown). Utilizing

precision-cutting techniques, we sectioned patient-derived

ovarian tumors into fragments approximately 1 mm in

size. These fragments were sourced from various regions

within the tumors to encompass a broad representation

of the tumor’s cellular composition (Figure 1A). Notably,

our protocol  deliberately  abstained from  removing red

blood cells and tissue debris, a step we hypothesized would

aid in maintaining the organoid’s fidelity to the tumor’s

microenvironment.

Upon  incubation  at  standard  culture  conditions, we

observed  the formation  of  three  distinct ovarian  can-

cer  organoids.  Each  organoid  exhibited  successful  cul-

ture establishment and, within approximately 2 weeks,

demonstrated spherical growth, indicative of their prolif-

erative capacity. Histological examination of the organoids

revealed the preservation of key features characteristic of

ovarian tumors, including the presence of intra-organoid

vascular structures. Interestingly, despite our method not

incorporating a red blood cell removal step, the vascular

features within the ovarian cancer organoids were dis-

tinctly observable, with blood vessels persisting for up

to 18 days in culture (Figure 1B). Immunohistochemical

analysis further substantiated the presence of vascular

structures, with  CD31  expression delineating a tubular

vascular pattern within the organoids (Figure 1B). More-

over, our culture conditions facilitated the preservation of

diverse cell types, suggesting the retention of the cellular

diversity within the organoids, especially CD4+ and CD8+

T cells (Figure 1C).

The  ovarian cancer organoids’ capacity for subcul-

ture was also evaluated. Following a 28-day incubation

period,   the organoids  were mechanically divided and

redistributed across  new culture vessels.   Remarkably,

these  secondary  organoids  mirrored  the  initial  spheri -

cal morphology observed in their predecessors, although

they lacked vascular components, likely attributable to the

absence of hematopoietic functionality (Figure 1D).

Our study demonstrates the successful establishment

of  ovarian cancer organoids that not only maintain

growth ability but also show potential in preserving the

native immune microenvironment and blood vessel. This

advancement  represents a significant step forward in

the development of biologically relevant in vitro mod-

els  for  ovarian  cancer,  offering  promising  avenues  for

future  therapeutic  research  and personalized  medicine

approaches.

2.2 Preservation of tumor molecular

characteristics in ovarian cancer organoids

Addressing the inherent challenge of replicating the com-

plex heterogeneity of ovarian tumors, our study focuses

on the capacity of ovarian cancer organoids to mirror

the diverse cellular makeup of the parent tumors accu-

rately. Employing scRNA-seq at day 14 postformation, we

identified distinct cell clusters within the ovarian can-

cer organoids.  Cross-referencing with recent single-cell

sequencing datasets from ovarian cancer tissues, the cel-

lular composition of our organoids is largely similar to

that of public data (Figure 2A and B). These included T

cells (positive for CD3 and CD8), endothelial cells (pos-

itive  for  CD34 and  FLT1), smooth muscle cells  (DCN

and ACTA2 positive), monocytes and macrophages (LYZ

and CD163 positive), and B cells (CD79A positive). This

evidence confirms the existence of equivalent cell pop-

ulations within the ovarian cancer organoids, validating

the capacity of our organoid model to faithfully recapit-

ulate the cellular diversity inherent to ovarian tumors

(Figure 2B).33

Focusing on the organoids’ microenvironment, particu-

larly the vascular and immune components,  we analyzed

the expression of key marker genes. Notably, the presence

of vascular endothelial markers, such as FLT1, CD34, and

KDR, underscores the organoids’ capability to maintain

blood vessel-like structures. Simultaneously, the detection

of T-cell markers, including CD3 and CD8, highlights the

preservation of immune cell subsets within the ovarian

cancer organoids. This cellular composition, closely mir-

roring  that of the original ovarian  tissues,  emphasizes

the ovarian cancer organoids’ utility as a robust model

for studying ovarian cancer in a physiologically relevant

context (Figure 2Cand D).

To   assess   the   genetic   stability   of ovarian   cancer

organoids over the cul ture period, whole exome sequenc-

ing (WES) was performed, revealing the preservation of

key ovarian cancer-related mutations, including CSMD3,

TP53, and GABRA6. Comparative analysis between the
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FIGURE  1     Establishment of reproducible ovarian cancer organoid model. The tumor tissue obtained from the patient was washed and

minced into pieces of less than 2 mm in diameter using dissecting scissors. The minced tissue was then resuspended in culture medium and

culture in Petri dish. (A) Left: Overview of HGSOC. Right: Cell types in HGSOC and schematic diagram of establishment of ovarian cancer

organoids. Throughout the culture process, neither enzymatic digestio n nor matrigel were employed. (B) Top: Morphology of P0 ovarian

cancer organoids. Blood vessels were visible until day 18. Arrows indicate blood vessels in ovarian cancer organoids. Bottom: Distribution of

CD31 positive cells in organoids. The tubular distribution indicated existence of blood vessels. Different images originate from different

sections of the same organoid. (C) Cells in P0 ovarian cancer organoids. Top: In addition to cells evolved in organoids, suspension cells with

diversity morphology were maintained in culture system. Tips point to different cell types in dish. Bottom: The presence of CD4+ and CD8+ T

cells within the organoids, as demonstrated by IHC staining. (D) Subcultur e of ovarian cancer organoids. Ovarian cancer organoids

maintained growth ability from P0 to P1.
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FIGURE  2     Results ofscRNA-seq and WES of ovarian organoids. (A) UMAP visualization of single-cell RNA-seq results compared with

public dataset. The distribution patterns of UMAP of organoids and tissues exhibit similarity. (B) Annotation of organoids and ovarian

cancers regarding the composition of cell types. All 11 cell types were identified in both organoids and tissues, demonstrating the similarity

between ovarian cancer organoids and tissues. (C) Express ion profiles of different cell type marker genes in organoids and cancer tissues. (D)

Marker genes of blood vessel cells, T cells, and other immune cells. Top: Blood vessel cell marker genes PECAM1, CD34, and CDH5 

expressed in endothelial cells, indicating the presence of vascular endothelial cells. Middle: Three clusters ofT cells were annotated into 

CD3+ and

CD8+ T cells. Bottom: Marker genes of B cells (CD79A), macrophages (CD163), and monocytes (LYZ). (E) Mutation types of critical cancer

genes in tissue and organoids, including BRCA1/2, TP53, and CSMD3. (F) Correlation value between samples, including tissues and

organoids. Organoids and its parent tissues maintain high correlation value compared with other groups.
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organoids and their tissue of origin demonstrated a high

correlation, affirming that ovarian cancer organoids

maintain  the  genetic  landscape  of  the  parent tumors

throughout the culture process (Figure 2Eand F).

Our findings underscore the ovarian cancer organoids’

remarkable ability to preserve the complex cellular and

molecular landscape of ovarian tumors, offering a promis-

ing platform for in-depth studies on tumor biology, drug

testing,  and personalized medicine approaches in ovarian

cancer.

2.3 Preservation of tumor pathological
phenotypes in ovarian cancer organoids

The criticality of maintaining not only cellular types but

also their inherent organizational architecture to emu-

late biological function is paramount in our study. Our

assessment of the organoids’ pathological features eluci-

dates this cellular organization and the expression profiles

of pivotal biomarkers. Utilizing hematoxylin and eosin

(H&E) staining, we established a clear parallelism in the

tissue architecture between the organoids and their clin-

ical counterparts (Figure 3A), affirming the organoids’

capability to conserve the structural integrity observed in

vivo. Additionally, the nuclear-to-cytoplasmic (N/C) ratio,

a metric indicative of malignancy, was closely studied. The

comparative N/C ratios, 1.056 in tissue versus 0.901 in

organoids for one patient pair and 0.524 versus 0.578 for

another, demonstrate the organoids’ proficiency in mirror-

ing the cytological features pertinent to cancer assessment

(Figure 3B).

In the clinical setting, Ki67 serves as a prognostic marker

for ovarian cancer, reflecting cellular proliferation rates,

while  PAX8 identifies the gynecological origin of  the

malignancy, correlating with patient outcomes. Our metic-

ulous  immunohistochemical  (IHC)  evaluation demon-

strated  analogous  expression and  localization  patterns

for Ki67 and PAX8 across organoids and tissue samples

(Figure 3C). Despite some quantitative differences—38.8–

42.1%  for Ki67  and 41.2–51.3%  for PAX8 in organoids 

versus 70.5–72.2% and 56.5–60.1% in tissues, respectively 

(Figure 3D)—these variations provide insights into the

microenvironmental adaptation within the organoid cul-

ture.

Collectively, these findings substantiate the organoids’

utility in preserving and reflecting the pathological

nuances of ovarian cancer, showcasing their potential as

an instrumental model for the pathological study and ther-

apeutic assessment of this disease. Through these organoid

models, we can achieve a more nuanced understanding of

ovarian cancer’s pathology, facilitating advanced research

and personalized treatment approaches.

2.4 Enhanced cisplatin sensitivity

assessment through patient-derived

ovarian cancer organoid models

Central to our investigation has been the application of

patient-derived ovarian cancer organoids for evaluating

cisplatin  responsiveness,  particularly  in  the context  of

patients previously treated with carboplatin and paclitaxel.

To establish a rapid screening method for drug sensitiv-

ity, we assessed the impact of cisplatin on ovarian cancer

organoids. Notably, after a 3-day exposure to 16.7 μM of

cisplatin,  the treated organoids exhibited a marked struc-

tural collapse compared to the untreated control group,

suggesting significant sensitivity to cisplatin at this con-

centration (Figure 4A). Further elucidation of cisplatin’s

effect was obtained through flow cytometry analysis of

cell apoptosis. This revealed a substantial increase in the

fraction of early-stage apoptotic cells (PI-/Annexin V+)

posttreatment, with  the  extent  of early-stage  apoptosis

amplifying  in response to higher cisplatin concentra-

tions.  Conversely, the  proportion  of  cells  in  late-stage

apoptosis remained unchanged, underscoring cisplatin’s

mechanism of action through the induction of early apop-

tosis (Figures 4B and C). Corroborating this, caspase-3

levels,  indicative  of early-stage  apoptosis,  were  signifi-

cantly elevated in cisplatin-treated cells (Figure 4D). This

dose-dependent  effect  highlights  the ineffectiveness of

low cisplatin concentrations in suppressing ovarian can-

cer organoids’ activity, emphasizing the drug’s cytotoxic

efficacy at higher doses. Indeed, different concentrations

of cisplatin have different inhibitory effects on organoids

(Figure 4E).  Immunocytochemistry (ICC) analysis further

demonstrated a diminished proliferation capacity within

the organoids following cisplatin treatment, as evidenced

by  a  significant  reduction  in  Ki67  expression. In  con-

trast, PAX8 expression remained unaffected, indicating the

specificity of cisplatin’s action on proliferative markers

(Figure 4F).

Collectively, our findings affirm that cisplatin signif-

icantly  curtails  the  proliferative  capabilities  of  ovarian

cancer organoids, aligning with clinical observations and

underscoring the utility of ovarian cancer organoids in

devising personalized  treatment plans. This  study  also

reinforces the predictive value of  organoids   in fast-

assessing drug sensitivity.
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FIGURE  3     Resemblance of histopathological characteristics and biomarker expression patterns between ovarian cancer organoids and

primary tissues. All image data were derived from P0 organoids. (A) Similar structures between tissues and organoids stained with H&E. (B)

Organoids maintained similar N/C ratio compared with tissues, indicated its cancerous characteristic. The ratio of nuclei and cytoplasm were

defined by H&E staining area. (C) ICC results of ovarian cancer organoids and tissues indicated similar distribution patterns of Ki67 and

PAX8 in organoids and tissues. (D) Expression level of cell markers PAX8 and Ki67. Expression level of Ki67 was similar between organoids

and tissues. However, expression of PAX8 decreased in organoids, possibly due to in vitro culture environment. ns, no significance.
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FIGURE  4     Cisplatin sensitivity test using ovarian cancer organoids. (A) Morphology changes between control and cisplatin -treated

organoids. After cisplatin treatment, ovarian cancer organoids became obvious collapse. (B, C) Early-stage apoptosis was induced by cisplatin

treatment validated with flow cytometry. (D) Caspase3, a biomarker of early-stage apoptosis, increased after cisplatin treatment, validating

that early-stage apoptosis occurs. (E) CTG assay results of organoids under different concentration cisplatin treatment. (F) Expression level of

Ki67 decreased after cisplatin treatment, but PAX8 maintained a stable level. **p < 0.01; ***p < 0.001.
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2.5 Deepened molecular understanding
ofcisplatin responsiveness through
patient-derived ovarian cancer organoid
models

In order to study the intricacies of cisplatin’s impact on

ovarian cancer at the molecular level, we conducted RNA-

seq analysis on two sets of patient-derived ovarian cancer

organoids  subjected  to  cisplatin  treatment.  The  analy -

sis revealed significant alterations in the gene expression

profiles under the influence of cisplatin, demonstrating

the drug’s pervasive action across various patient-derived

models (Figure 5A). Among the top 1000 genes modulated

by cisplatin treatment, there was a substantial overlap,

with  339  genes  upregulated  and  346  genes  downregu-

lated in both sets of organoids (Figure 5B). This overlap

highlights the consistent and broad-spectrum efficacy of

cisplatin across different ovarian cancer backgrounds.

Further  exploration  of  these  changes  through  Gene

Ontology  (GO)  and  Kyoto  Encyclopedia  of  Genes  and

Genomes (KEGG) pathway analyses pinpointed specific

clusters of genes that were differentially regulated by cis-

platin treatment.  Notably,  the re was an enhanced expres-

sion of genes associated with apoptosis in the cisplatin-

treated organoids,  in contrast to the control group, which

showed  elevated expression of genes involved in cell

division (Figure 5C). This differential gene expression pat-

tern aligns with our understanding that cisplatin exerts

its anticancer effects primarily through the induction of

apoptosis.

Particularly, the analysis shed light on the differential

pathway  activation  between  the  control and  cisplatin-

treated  groups  (Figure 5D).  Control  organoids  demon-

strated  heightened  activity of  genes related to cancer

proteoglycans, indicating an active metabolic state con-

ducive to cancer progression. Conversely, the cisplatin-

treated  organoids  exhibited  a  marked upregulation of

genes within the p53 signaling pathway, suggesting that

cisplatin’s mechanism of inhibiting cancer cell prolifer-

ation  is  mediated  through  apoptosis,  triggered by  the

activation of the p53 pathway. This observation is in har-

mony with previous study,34,35 underscoring  the pivotal

role of the p53 pathway in cisplatin-induced  apoptosis

mechanisms. Moreover, our RNA-seq analysis unveiled a

notable reduction in the expression of genes crucial for

cell proliferation and tumor genesis, such as Ki67 and

BRCA1/2, following cisplatin administration. This finding

substantiates the drug’s efficacy in curtailing oncogenic

processes within the organoids.

In summary, notwithstanding the interpatient hetero-

geneity, the organoid models consistently recapitulated the

clinical efficacy of cisplatin, corroborating the notion that

these organoids retain patient-specific biological features

and substantiating their value in drug sensitivity testing.

This convergence of clinical and organoid-based responses

to cisplatin underscores the potential of organoid models

in facilitating personalized oncology, particularly in pre-

dicting and understanding patient-specific responses to

chemotherapy.

3 DISCUSSION

This study introduces a novel organoid model derived from

patient ovarian tumors, encapsulating the complex het-

erogeneity and microenvironmental intricacies of HGSOC.

Our findings underscore the organoids’ remarkable fidelity

in replicating the histological and molecular landscapes of

the originating tumors, alongside preserving key compo-

nents of the immune system and vascular structures. This

mirrors the methodological advancements and contribu-

tions to the field of cancer research akin to those detailed

in  our  reference  document,  emphasizing  the  organoid

model’s potential in translational research.

Ovarian cancer is characterized by its significant het-

erogeneity  and  a  commonality of  late-stage  diagnosis,

presenting substantial challenges in both understanding

and treating this malignancy effectively.36 Despite  huge

advancements,2–4 the  field  of  ovarian  cancer  organoid

modeling still faces considerable hurdles, particularly in

the accurate simulation of tumor markers and the cancer’s

inherent heterogeneity.37 These aspects are crucial for a

realistic representation of the disease, yet existing models

often fall short in capturing this complexity fully. A more

nuanced organoid model that endeavors to closely approx-

imate the tumor markers and heterogeneity inherent in

ovarian cancer could potentially facilitate advancementsin

critical areas of research.

A principal advantage of our approach lies in the main-

tenance of the immune microenvironment and vascula-

ture within the organoids,  alongside the rapid assessment

of drug responses.  This integration of immune and vascu-

lar markers signifies a critical methodological progression,

enabling a more detailed evaluation of therapeutic effec-

tiveness and the mechanisms of resistance. These advance-

ments also deepen our comprehension of the biological

intricacies of HGSOC.

While our study represents a significant step forward

in ovarian cancer research, it is not without limitations.

The  scalability of  organoid models and the potential

for selection bias in tumor sample procurement necessi-

tate cautious interpretation of our results. However, the

strengths of our study, particularly the methodological

innovations in organoid development and the compre-

hensive analysis of chemotherapy responsiveness, provide

a  solid foundation for future research. Our previous

research has demonstrated that our organoid model also

responds to PARP inhibitors, suggesting the potential of

2
6

8
8

2
6

6
3

, 2
0

2
4

, 9
, D

o
w

n
lo

ad
ed

fro
m

h
ttp

s://o
n
lin

elib
rary

.w
ile

y
.c

o
m

/d
o

i/1
0

.1
0

0
2

/m
c
o

2
.6

9
7

 
b

y
C

o
c
h
ran

eC
h
in

a, W
iley

O
n
lin

e
L

ib
rary

o
n

[2
8

/0
8

/2
0

2
4

].
S

ee
th

e
T

erm
s

an
d

C
o

n
d

itio
n
s

(h
ttp

s://o
n
lin

elib
ra

ry
.w

iley
.c

o
m

/term
s-an

d
-c

o
n
d

itio
n
s)

o
n

W
iley

O
n
lin

e
L

ib
rary

fo
r

ru
les

o
fu

se;
O

A
artic

les
are

g
o

v
ern

ed
b

y
th

e
ap

p
lic

ab
le

C
reativ

e
C

o
m

m
o

n
s

L
ic

en
se

ZHAO  e t  a l . 9 o f
1 4

礼升生物已发表文章

https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions


this model in drug sensitivity testing for various types of

medications.38

Looking   ahead,   the potential   applications   of our

organoid model extend beyond the scope of this study.

Using    the    aforementioned    ex perimental methods,

we have established organoid models including der-

matofibrosarcoma    protuberans    (DFSP),    intrahepatic

cholangiocarcinoma (ICC), and glioblastoma.39–43 Future

research should explore the organoids’ utility in screen-

ing  a broader range of  therapeutic agents, including

immunotherapies and targeted therapies,  to further ta ilor

treatment plans to individual patient profiles. Addition-

ally, expanding the organoid model to encompass other

cancer types could offer new avenues for understanding

and treating cancer at a personalized level.44

4        METHODS

4.1 Patient information

Ovarian cancer tissues were collected from 7 individual

patients (OV004(61 years old, HGSOC), OV014(68 years

old,   HGSOC),   OV015(52  years old,   HGSOC), OV016(69

FIGURE  5     Transcriptome analysis ofcisplatin-treated ovarian cancer organoids. (A) Obvious changes in gene expression profiles

between control and cisplatin-treated organoids. Only top 1000 genes that were up- or downregulated are shown. (B) Organoids derived from

two individual patients showed an overlap of regulated genes. Despite heterogeneity between patients, similar response occurred in two

organoid lines. (C) GO and KEGG analysis of regulated genes in two organoid lines. Consistent with previous studies, p53 pathway was

upregulated under cisplatin treatment. (D) Heatmap of genes in p53 pathway and cancer proteoglycans synthesis.
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years old, HGSOC), OV076(59 years old, Right-sided fal-

lopian tube mass), OV077(96 years old, unknown) and

OV078(67 years old, unknown)) with ovarian cancer at

Obstetrics and Gynecology Hospital of Fudan University

in 2022, after obtaining informed consent of the patient

before surgery. OV004 was used for scRNA-seq. OV014,

OV015, and OV016 were used for living microscopy observe

and subsequent experiments. OV014 and OV015 were used

for cisplatin treatment, ICC staining and RNA-seq. OV076,

OV077, and OV078 were utilized for live microscopic obser-

vation. These patients underwent a laparotomy primary

debulking surgery with optimal cytoredu ction. Our study

was approved by the Ethics Committee of the Obstetrics

and Gynecology Hospita l ofFudan University.

4.2 Organoids formation, culture, and
subculture

Patient-derived   OC tissues were washed 4−6 times

with organoid washing buffer (LSTO00100201, Shanghai

Lisheng Biotech, China) and then dissociated to about

1 mm diameter pieces with surgical scissors, no collage-

nase, trypsin or dispase needed. Tumor pieces were resus-

pended ovarian cancer organoid medium (LSTO00100501,

Shanghai Lisheng Biotech, China) and transferred into

new dishes.  The ovarian organoids were maintained with

at 37◦C, 5% CO2 , and medium was semichanged per week.

When the diameter of organoids reached 2 to 4 mm (about

4 weeks), the organoids were collected and mechanically

dissociated, then subcultured as described above.

4.3 Whole  exome sequencing

For each sample, 200 ng genomic DNA was sheared to

150−200 bp fragments to construct libraries. The whole

exome was captured using AIExome Human Exome

Panel V3 with TargetSeq  One Hyb & Wash Kit v2.0

(iGeneTech Co., Ltd, Beijing, China) and sequenced on

DNBSEQ-T7 with 150-bp reads.

4.4 Immunofl uorescence and
i mmunohi stoc hemi stry

Tissue or organoids were first fixed with 4% PFA (BL539A,

Biosharp, China), then dehydrated with 10%, 20% and 30%

sucrose solution sequentially. Embedding medium with

samples (7.5% gelatin and 10% sucrose in 1× PBS) was

cooled at 4◦C for 10 min and quickly frozen on dry ice for 10

min, then stored at −80◦ C. Materials were sectioned using

Leica CM 1950. On-plate adherent cells were fixed with 4%

PFA for 20 min at room temperature. Permeabilization of

cells and sections was performed with PBS+0.25% TritonX-

100 for 18 min at room temperature, followed by blocking

with 3% BSA.

For   immunofluorescence,   rabbit   anti-Ki67 (1:1000;

MA5-14520,  ThermoFisher, England) and anti-PAX8

(1 :1000;   10336 -1-AP, Proteintech,   China)  were used as 

primary  antibodies  to  stain  proteins overnight  at  4◦C.

Samples were then washed 5 times with 0.125% PBST and

incubated with the CY3-anti-rabbit secondary antibody

(1:1000) for 3 h at room temperature. Nuclei were stained

by DAPI (1:1000).

For  immunohistochemistry, mouse  anti-CD31  (1:250;

ab9498,  Abcam,  USA)  were  used  as  primary  ant ibod-

ies to stain CD31 positive cells. Samples were incubated

overnight at 4◦ C then washed 5 times with 0.125% PBST

and incubated with the HRP-anti-mouse secondary anti-

body (1:500; ab6789, Abcam, USA) for 3 h at room temper-

ature. Recolor the slices using DAB substrate kit (ab64328,

Abcam, USA).

4.5 RNA sequencing

For  bulk  RNA,  RNA  Isolation Kit (DP451, TIANGEN,

China) was used to isolate cell mRNA. Four to six 2-mm-

diameter organoids were collected as input for each group

of organoids. Concentration of RNA was measured using

Qubit4 fluorometer.  Reverse transcription was performed

with RT Kit (KR118, TIANGEN, China) and libraries were

generated with RNA Library Prep Kit (E7530L, NEB, USA).

For  single cell RNA, libraries  were generated  with

10× genomics protocol using 15,000 cells as input. Both

libraries were sequenced on the Illumina Hiseq 4000 with

PE-150 bp reads for subsequent analysis.

4.6 Bioinformatics analysis

For RNA-seq, the kallisto software was utilized to quantify

transcript abundance,  employing F ragments Per Kilobase

of transcript per Million mapped reads to estimate RNA

expression levels. Differentially expressed genes were iden-

tified using the Morpheus online platform. In the case

of scRNA-seq, the raw data were processed using  Cell

Ranger,  with subsequent analyses conducted via the Seu-

rat package. For WES, the BWA-MEM algorithm facilitated

alignment of raw sequence data to the reference human

genome  (hg38).  Downstream analyses, including vari-

ant calling, were performed using the Genome Analysis

Toolkit and Mutect2.
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4.7 Cisplatin sensitivity test

Organoids were cultured in 6-well plates as mentioned

above, and cisplatin was added into medium at 8/48 h after

the initial time point at final concentrations of 4.175, 8.35,

and 16.7 μM. At 168 h, the organoids were collected and

sectioned as described above.

4.8 Microscopy observing

All bright-field images were taken using Leica Ti-1 micro-

scope. Fluorescence images were taken using Leica K5

microscope.

4.9 Caspase3 activity assay

Organoids cultured with protocols described above were

dissociated with 0.25% trypsin and then cultured in 96-

well ultralow attachment plates at 10,000 to 20,000 cells

per well. Cisplatin was added to concentration of 16.7 μM,

and caspase3 activity assay was performed using Promega

G8091 kit after 3 days treatment.

4.10        CTG assay

Organoids were cultured in 6-well plates as mentioned

above,  and cisplatin was added into medium at the begin-

ning of culture. At 0, 12, 24, and 36 h respectively, same

amount of organoids were collected and performed CTG

assay with CellTiter-Glo Luminescent Cell Viability Assay

Kit (G7572,  Promega).

4.11 Cell cytometry

Organoids were dissociated with collagenase NB 4 in 0.25%

trypsin, then collect 1 ×106 cells in 1.5 mL EP tube and cen-

trifuge at 250 ×g for 3 min. Cells were suspended in 1× PBS

and stained with PI (0.01 mg/mL) and annexin V (1:100)

for 15 min. Cells were then centrifuged at 250 ×g for 3 min

and collected. The cell flow cytometry was performed with

a BD FACS Verse kit (Franklin Lakes, NJ, USA) following

standard procedures.

4.12 Statistical analysis

In ICC assay and qPCR, data analysis was performed using

Prism software. p Value < 0.05 was considered statisti-

cally significant. All data are expressed as mean ±standard

deviation.

2
6

8
8

2
6

6
3

, 2
0

2
4

, 9
, D

o
w

n
lo

ad
ed

fro
m

h
ttp

s://o
n
lin

elib
rary

.w
ile

y
.c

o
m

/d
o

i/1
0

.1
0

0
2

/m
c
o

2
.6

9
7

 
b

y
C

o
c
h
ran

eC
h
in

a, W
iley

O
n
lin

e
L

ib
rary

o
n

[2
8

/0
8

/2
0

2
4

].
S

ee
th

e
T

erm
s

an
d

C
o

n
d

itio
n
s

(h
ttp

s://o
n
lin

elib
ra

ry
.w

iley
.c

o
m

/term
s-an

d
-c

o
n
d

itio
n
s)

o
n

W
iley

O
n
lin

e
L

ib
rary

fo
r

ru
les

o
fu

se;
O

A
artic

les
are

g
o

v
ern

ed
b

y
th

e
ap

p
lic

ab
le

C
reativ

e
C

o
m

m
o

n
s

L
ic

en
se

1 2  o f 1 4 ZHAO  e t  
a l .

礼升生物已发表文章

https://ngdc.cncb.ac.cn/gsa-human
https://ngdc.cncb.ac.cn/gsa-human
https://doi.org/10.3390/ijms20040952
https://doi.org/10.3390/ijms20040952
https://doi.org/10.3390/ijms20040952
https://doi.org/10.3390/ijms20040952
https://doi.org/10.5114/wo.2021.112037
https://doi.org/10.5114/wo.2021.112037
https://doi.org/10.5114/wo.2021.112037
https://doi.org/10.5114/wo.2021.112037
https://doi.org/10.5114/wo.2021.112037
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions


to personalized medicine. J Exp Clin Canc Res. 2021;40(1):116.

doi:10.1186/s13046-021-01917-7

4.  Webb PM, Jordan SJ. Epidemiology of epithelial ovarian can-

cer.  Best Practice & Research Clinical Obstetrics & Gynaecology.

2017;41:3-14. doi:10.1016/j.bpobgyn.2016.08.006

5.  Lheureux S, Braunstein M, Oza AM. Epithelial ovarian cancer:

evolution of management in the era of precision medicine. CA

Cancer J Clin. 2019;69(4):280-304. doi:10.3322/caac.21559

6.  Veneziani AC, Gonzalez-Ochoa E, Alqaisi H, et al. Heterogene-

ity and treatment landscape of ovarian carcinoma. Nat Rev Clin

Oncol. 2023;20(12):820-842. doi:10.1038/s41571-023-00819-1

7.  Gaitskell  K,  Hermon C, Barnes I, et al. Ovarian cancer sur-

vival by stage, histotype, and pre-diagnostic lifestyle factors, in

the prospective UK Million Women Study. Cancer Epidemiol.

2022;76:102074. doi:10.1016/j.canep.2021.102074

8.  Torre LA, Trabert B, DeSantis CE, et al. Ovarian cancer statis-

tics, 2018. CA Cancer JClin. 2018;68(4):284-296. doi:10.3322/caac.

21456

9.  Ledermann JA.  First-line treatment of ovarian cancer: ques-

tions and controversies to address.   Ther Adv  Med Oncol.

2018;10:175883591876823. doi:10.1177/1758835918768232

10.  Vergote  I,  Denys H, Greve  JD, et al. Treatment algorithm

in patients with ovarian cancer. Facts Views Vis ObGyn.

2020;12(3):227.

11.  Chandra A, Pius C, Nabeel M, et al. Ovarian cancer: current sta-

tus and strategies for improving therapeutic outcomes. Cancer

Med. 2019;8(16):7018-7031. doi:10.1002/cam4.2560

12.  Falzone L, Bordonaro R, Libra M. SnapShot: cancer chemother-

apy. Cell. 2023;186(8):1816-1816. doi:10.1016/j.cell.2023.02.038e1

13.  Havasi A, Cainap SS, Havasi AT, Cainap C. Ovarian cancer—

insights into platinum resistance and overcoming it. Medicina

(Mex). 2023;59(3):544. doi:10.3390/medicina59030544

14.  Leung D,    Price ZK,    Lokman NA, et al. Platinum-

resistance    in    epithelial    ovar ian    cancer: an    interplay

of    epithelial–mesenchymal transition interlinked    with

reprogrammed metabolism.   J Transl Med.    2022;20(1):556.

doi:10.1186/s12967-022-03776-y

15.  Konstantinopoulos   PA, Matulonis UA. Clinical and trans-

lational advances in ovarian cancer therapy.  Nat Cancer.

2023;4(9):1239-1257. doi:10.1038/s43018-023-00617-9

16.  Harter P, Sehouli J, Vergote I, et al. Randomized trial of cytore-

ductive  surgery for  relapsed  ovarian  cancer. N Engl J Med.

2021;385(23):2123-2131. doi:10.1056/NEJMoa2103294

17.  Leary A, Tan D, Ledermann J. Immune checkpoint inhibitors

in ovarian cancer: where do we stand?  Ther Adv Med Oncol.

2021;13:175883592110398. doi:10.1177/17588359211039899

18.  Kotnik EN, Mullen MM, Spies NC, et al. Genetic characteri-

zation of primary and metastatic High-Grade Serous Ovarian

Cancer tumors reveals distinct features associated with survival.

Commun Biol. 2023;6(1):688. doi:10.1038/s42003-023-05026-3

19.  Kandalaft LE, Dangaj Laniti D, Coukos G. Immunobiology of

High-Grade Serous Ovarian Cancer: lessons for clinical trans-

lation. Nat Rev Cancer. 2022;22(11):640-656. doi:10.1038/s41568-

022-00503-z

20.  Voutsadakis IA. Further understanding of high-grade serous

ovarian carcinogenesis: potential therapeutic targets.  Cancer

Manag Res. 2020;12:10423-10437. doi:10.2147/CMAR.S249540

21.  Sun J, Yan C, Xu D, et al. Immuno-genomic characterisation

of High-Grade Serous Ovarian Cancer reveals immune eva-

sion mechanisms and identifies an immunological subtype with

a favourable prognosis and improved therapeutic efficacy. Br

J Cancer. 2022;126(11):1570-1580. doi:10.1038/s41416-021-01692-

4

22.  Neal JT, Li X, Zhu J, et al.  Organoid modeling of the tumor

immune microenvironment. Cell. 2018;175(7):1972-1988. doi:10.

1016/j.cell.2018.11.021 e16

23.  Bose S, Clevers H, Shen X. Promises and challenges of organoid-

guided precision medicine.  Med.  2021;2(9):1011-1026. doi:10.

1016/j.medj.2021.08.005

24.  Zhou Z, Cong L, Cong X. Patient-derived organoids in preci-

sion medicine: drug screening, organoid-on-a-chip and living

organoid biobank. Front Oncol. 2021;11:762184. doi:10.3389/fonc.

2021.762184

25.  Sun   XY, Ju XC, Li Y, et al. Generation of  vascularized

brain  organoids to study neurovascular interactions. eLife.

2022;11:e76707. doi:10.7554/eLife.76707

26.  Mansour AA, Gonçalves JT, Bloyd CW, et al. An in vivo model

of functional and vascularized human brain organoids. Nat

Biotechnol. 2018;36(5):432-441. doi:10.1038/nbt.4127

27.  Seidlitz  T, Stange DE. Gastrointestinal cancer organoids—

applications in basic and translational cancer research. Exp Mol

Med. 2021;53(10):1459-1470. doi:10.1038/S12276-021-00654-3

28.  Lo YH, Karlsson K, Kuo CJ. Applications of organoids for cancer

biology and precision medicine. Nat Cancer. 2020;1(8):761-773.

doi:10.1038/s43018-020-0102-y

29.  Kopper  O,  de  Witte  CJ,  Lohmussaar  K,  et  al.  An  

organoid platform for ovarian cancer captures intra- and

interpatient heterogeneity. Nat Med. 2019;25(5):838-849.

doi:10.1038/s41591- 019-0422-6

30.  Nanki Y, Chiyoda T, Hirasawa A, et al. Patient-derived ovar-

ian cancer organoids capture the genomic profiles of primary

tumours applicable for drug sensitivity and resistance testing.

Sci Rep. 2020;10(1):12581. doi:10.1038/s41598-020-69488-9

31.  Senkowski W, Gall-Mas L, Falco MM, et al. A platform for effi-

cient establishment and drug-response profiling of High-Grade

Serous Ovarian  Cancer organoids. Dev  Cell. 2023;58(12):1106-

1121. doi:10.1016/j.devcel.2023.04.012e7

32.  Liu HD,  Xia BR, Jin MZ,  Lou G.  Organoid of ovarian  can-

cer: genomic analysis and drug screening. Clin Transl Oncol.

2020;22(8):1240-1251. doi:10.1007/s12094-019-02276-8

33.  Xu J, Fang Y, Chen K, et al. Single-cell RNA sequencing reveals

the  tissue  architecture  in  human  High-Grade  Serous  Ovar-

ian Cancer. Clin Cancer Res. 2022;28(16):3590-3602. doi:10.1158/

1078-0432.CCR-22-0296

34.  Kong Q, Yan X, Cheng M, et al. p62 promotes the mitochondrial

localization of p53 through its UBA domain and participates in

regulating the sensitivity of ovarian cancer cells to cisplatin. Int

JMol Sci. 2022;23(6):3290. doi:10.3390/ijms23063290

35.  Tchounwou PB, Dasari S, Noubissi FK, Ray P, Kumar S.

Advances in our understanding of the molecular mechanisms

of action  of  cisplatin  in  cancer therapy.  J  Exp  Pharmacol.

2021;13:303-328. doi:10.2147/JEP.S267383

36.  Pectasides D, Fountzilas G, Aravantinos G, et al. Advanced stage

clear-cell epithelial ovarian cancer: the Hellenic Cooperative

Oncology Group experience. Gynecol Oncol. 2006;102(2):285-291.

doi:10.1016/j.ygyno.2005.12.038

37.  Kopper O,  De Witte CJ,  Lõhmussaar K,  et al. An organoid 

platform for ovarian cancer captures intra- and interpatient het-

erogeneity. Nat Med. 2019;25(5):838-849. doi:10.1038/s41591-019-

0422-6

2
6

8
8

2
6

6
3

, 2
0

2
4

, 9
, D

o
w

n
lo

ad
ed

fro
m

h
ttp

s://o
n
lin

elib
rary

.w
ile

y
.c

o
m

/d
o

i/1
0

.1
0

0
2

/m
c
o

2
.6

9
7

 
b

y
C

o
c
h
ran

eC
h
in

a, W
iley

O
n
lin

e
L

ib
rary

o
n

[2
8

/0
8

/2
0

2
4

].
S

ee
th

e
T

erm
s

an
d

C
o

n
d

itio
n
s

(h
ttp

s://o
n
lin

elib
ra

ry
.w

iley
.c

o
m

/term
s-an

d
-c

o
n
d

itio
n
s)

o
n

W
iley

O
n
lin

e
L

ib
rary

fo
r

ru
les

o
fu

se;
O

A
artic

les
are

g
o

v
ern

ed
b

y
th

e
ap

p
lic

ab
le

C
reativ

e
C

o
m

m
o

n
s

L
ic

en
se

ZHAO  e t  a l . 1 3  o f
1 4

礼升生物已发表文章

https://doi.org/10.1186/s13046-021-01917-7
https://doi.org/10.1186/s13046-021-01917-7
https://doi.org/10.1186/s13046-021-01917-7
https://doi.org/10.1016/j.bpobgyn.2016.08.006
https://doi.org/10.1016/j.bpobgyn.2016.08.006
https://doi.org/10.1016/j.bpobgyn.2016.08.006
https://doi.org/10.1016/j.bpobgyn.2016.08.006
https://doi.org/10.1016/j.bpobgyn.2016.08.006
https://doi.org/10.3322/caac.21559
https://doi.org/10.3322/caac.21559
https://doi.org/10.3322/caac.21559
https://doi.org/10.3322/caac.21559
https://doi.org/10.1038/s41571-023-00819-1
https://doi.org/10.1038/s41571-023-00819-1
https://doi.org/10.1038/s41571-023-00819-1
https://doi.org/10.1016/j.canep.2021.102074
https://doi.org/10.1016/j.canep.2021.102074
https://doi.org/10.1016/j.canep.2021.102074
https://doi.org/10.3322/caac.21456
https://doi.org/10.3322/caac.21456
https://doi.org/10.3322/caac.21456
https://doi.org/10.3322/caac.21456
https://doi.org/10.3322/caac.21456
https://doi.org/10.1177/1758835918768232
https://doi.org/10.1177/1758835918768232
https://doi.org/10.1002/cam4.2560
https://doi.org/10.1002/cam4.2560
https://doi.org/10.1002/cam4.2560
https://doi.org/10.1002/cam4.2560
https://doi.org/10.1002/cam4.2560
https://doi.org/10.1016/j.cell.2023.02.038
https://doi.org/10.1016/j.cell.2023.02.038
https://doi.org/10.3390/medicina59030544
https://doi.org/10.3390/medicina59030544
https://doi.org/10.3390/medicina59030544
https://doi.org/10.3390/medicina59030544
https://doi.org/10.1186/s12967-022-03776-y
https://doi.org/10.1186/s12967-022-03776-y
https://doi.org/10.1038/s43018-023-00617-9
https://doi.org/10.1038/s43018-023-00617-9
https://doi.org/10.1056/NEJMoa2103294
https://doi.org/10.1056/NEJMoa2103294
https://doi.org/10.1177/17588359211039899
https://doi.org/10.1177/17588359211039899
https://doi.org/10.1038/s42003-023-05026-3
https://doi.org/10.1038/s42003-023-05026-3
https://doi.org/10.1038/s42003-023-05026-3
https://doi.org/10.1038/s41568-022-00503-z
https://doi.org/10.1038/s41568-022-00503-z
https://doi.org/10.1038/s41568-022-00503-z
https://doi.org/10.1038/s41568-022-00503-z
https://doi.org/10.2147/CMAR.S249540
https://doi.org/10.2147/CMAR.S249540
https://doi.org/10.2147/CMAR.S249540
https://doi.org/10.2147/CMAR.S249540
https://doi.org/10.1038/s41416-021-01692-4
https://doi.org/10.1038/s41416-021-01692-4
https://doi.org/10.1038/s41416-021-01692-4
https://doi.org/10.1038/s41416-021-01692-4
https://doi.org/10.1016/j.cell.2018.11.021
https://doi.org/10.1016/j.cell.2018.11.021
https://doi.org/10.1016/j.cell.2018.11.021
https://doi.org/10.1016/j.cell.2018.11.021
https://doi.org/10.1016/j.medj.2021.08.005
https://doi.org/10.1016/j.medj.2021.08.005
https://doi.org/10.1016/j.medj.2021.08.005
https://doi.org/10.1016/j.medj.2021.08.005
https://doi.org/10.1016/j.medj.2021.08.005
https://doi.org/10.1016/j.medj.2021.08.005
https://doi.org/10.3389/fonc.2021.762184
https://doi.org/10.3389/fonc.2021.762184
https://doi.org/10.3389/fonc.2021.762184
https://doi.org/10.3389/fonc.2021.762184
https://doi.org/10.3389/fonc.2021.762184
https://doi.org/10.3389/fonc.2021.762184
https://doi.org/10.7554/eLife.76707
https://doi.org/10.7554/eLife.76707
https://doi.org/10.1038/nbt.4127
https://doi.org/10.1038/nbt.4127
https://doi.org/10.1038/nbt.4127
https://doi.org/10.1038/nbt.4127
https://doi.org/10.1038/S12276-021-00654-3
https://doi.org/10.1038/S12276-021-00654-3
https://doi.org/10.1038/s43018-020-0102-y
https://doi.org/10.1038/s43018-020-0102-y
https://doi.org/10.1038/s43018-020-0102-y
https://doi.org/10.1038/s41591-019-0422-6
https://doi.org/10.1038/s41591-019-0422-6
https://doi.org/10.1038/s41591-019-0422-6
https://doi.org/10.1038/s41598-020-69488-9
https://doi.org/10.1038/s41598-020-69488-9
https://doi.org/10.1038/s41598-020-69488-9
https://doi.org/10.1016/j.devcel.2023.04.012
https://doi.org/10.1016/j.devcel.2023.04.012
https://doi.org/10.1016/j.devcel.2023.04.012
https://doi.org/10.1016/j.devcel.2023.04.012
https://doi.org/10.1007/s12094-019-02276-8
https://doi.org/10.1007/s12094-019-02276-8
https://doi.org/10.1158/1078-0432.CCR-22-0296
https://doi.org/10.1158/1078-0432.CCR-22-0296
https://doi.org/10.1158/1078-0432.CCR-22-0296
https://doi.org/10.1158/1078-0432.CCR-22-0296
https://doi.org/10.1158/1078-0432.CCR-22-0296
https://doi.org/10.1158/1078-0432.CCR-22-0296
https://doi.org/10.1158/1078-0432.CCR-22-0296
https://doi.org/10.3390/ijms23063290
https://doi.org/10.3390/ijms23063290
https://doi.org/10.3390/ijms23063290
https://doi.org/10.3390/ijms23063290
https://doi.org/10.2147/JEP.S267383
https://doi.org/10.2147/JEP.S267383
https://doi.org/10.2147/JEP.S267383
https://doi.org/10.1016/j.ygyno.2005.12.038
https://doi.org/10.1016/j.ygyno.2005.12.038
https://doi.org/10.1016/j.ygyno.2005.12.038
https://doi.org/10.1016/j.ygyno.2005.12.038
https://doi.org/10.1016/j.ygyno.2005.12.038
https://doi.org/10.1038/s41591-019-0422-6
https://doi.org/10.1038/s41591-019-0422-6
https://doi.org/10.1038/s41591-019-0422-6
https://doi.org/10.1038/s41591-019-0422-6
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions


38. Cao Q, Li L, Zhao Y, et al. PARPi decreased primary ovarian

cancer organoid growth through early apoptosis and base exci-

sion repair pathway. Cell Transplant. 2023;32:9636897231187996.

doi:10.1177/09636897231187996

39.  Lou L, Wang K, Leng L, et al. Unveiling cell organoid: a van-

guard in organoid research. Cell Organoid. 2024. doi:10.26599/

CO.2024.9410000

40.  Fang Y, Akhtar  H, Wang J. The application of organoids in

toxicity test of environmental pollutants. Cell Organoid. 2024.

doi:10.26599/CO.2024.9410002

41.  Shi Y, Liu J, Li L, et al. Patient-derived skin tumor organoids

with immune cells respond to metformin. Cell Organoid. 2024.

doi:10.26599/CO.2024.9410001

42.  Wang C, Huang A, Shi Y, et al. An advanced culture methodol-

ogy suitable for the self-assemble and tissue-fragment derived

intrahepatic cholangiocarcinoma organoids. Cell Organoid.

doi:10.26599/CO.2024.9410003

How to cite  this article: Zhao Y, Wang C, Deng

W, et al. Patient -derived ovarian cancer organoid

carries immune microenvironment and blood

vessel keeping high response to cisplatin.

MedComm.  2024;5 :e697.

https: / /doi. org/1 0 .1 0 0 2 /mco2 .6 9 7

43.  Zhang  J,  Liu  J,  Shi  Y,  et  al.  Generation of  patient-derived

glioblastoma  organoids: a comparative study of  enzymatic

digestion and mechanical   fragmentation methods.    Cell

Organoid. doi:10.26599/CO.2024.9410004

44.  Han X, Cai C, Deng W, et al. Landscape of human organoids:

ideal model in clinics and research. Innovation (Camb).

2024;5(3):100620. doi:10.1016/j.xinn.2024.100620

2
6

8
8

2
6

6
3

, 2
0

2
4

, 9
, D

o
w

n
lo

ad
ed

fro
m

h
ttp

s://o
n
lin

elib
rary

.w
ile

y
.c

o
m

/d
o

i/1
0

.1
0

0
2

/m
c
o

2
.6

9
7

 
b

y
C

o
c
h
ran

eC
h
in

a, W
iley

O
n
lin

e
L

ib
rary

o
n

[2
8

/0
8

/2
0

2
4

].
S

ee
th

e
T

erm
s

an
d

C
o

n
d

itio
n
s

(h
ttp

s://o
n
lin

elib
ra

ry
.w

iley
.c

o
m

/term
s-an

d
-c

o
n
d

itio
n
s)

o
n

W
iley

O
n
lin

e
L

ib
rary

fo
r

ru
les

o
fu

se;
O

A
artic

les
are

g
o

v
ern

ed
b

y
th

e
ap

p
lic

ab
le

C
reativ

e
C

o
m

m
o

n
s

L
ic

en
se

1 4  o f 1 4 ZHAO  e t  
a l .

礼升生物已发表文章

https://doi.org/10.1177/09636897231187996
https://doi.org/10.1177/09636897231187996
https://doi.org/10.26599/CO.2024.9410000
https://doi.org/10.26599/CO.2024.9410000
https://doi.org/10.26599/CO.2024.9410000
https://doi.org/10.26599/CO.2024.9410000
https://doi.org/10.26599/CO.2024.9410002
https://doi.org/10.26599/CO.2024.9410002
https://doi.org/10.26599/CO.2024.9410002
https://doi.org/10.26599/CO.2024.9410002
https://doi.org/10.26599/CO.2024.9410002
https://doi.org/10.26599/CO.2024.9410001
https://doi.org/10.26599/CO.2024.9410001
https://doi.org/10.26599/CO.2024.9410001
https://doi.org/10.26599/CO.2024.9410001
https://doi.org/10.26599/CO.2024.9410003
https://doi.org/10.26599/CO.2024.9410003
https://doi.org/10.26599/CO.2024.9410003
https://doi.org/10.26599/CO.2024.9410003
https://doi.org/10.26599/CO.2024.9410003
https://doi.org/10.1002/mco2.697
https://doi.org/10.1002/mco2.697
https://doi.org/10.1002/mco2.697
https://doi.org/10.1002/mco2.697
https://doi.org/10.1002/mco2.697
https://doi.org/10.1002/mco2.697
https://doi.org/10.1002/mco2.697
https://doi.org/10.1002/mco2.697
https://doi.org/10.1002/mco2.697
https://doi.org/10.26599/CO.2024.9410004
https://doi.org/10.26599/CO.2024.9410004
https://doi.org/10.26599/CO.2024.9410004
https://doi.org/10.26599/CO.2024.9410004
https://doi.org/10.1016/j.xinn.2024.100620
https://doi.org/10.1016/j.xinn.2024.100620
https://doi.org/10.1016/j.xinn.2024.100620
https://doi.org/10.1016/j.xinn.2024.100620
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/doi/10.1002/mco2.697byCochraneChina,WileyOnlineLibraryon%5B28/08/2024%5D.SeetheTermsandConditions(
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions
https://onlinelibrary.wiley.com/terms-and-conditions


Original Article

Zengmian Yiliu formula suppresses cell cycle in immune-rich ovarian
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Background: Ovarian cancer, often diagnosed at advanced stages, has a 5-year survival rate below 50%, indi-

cating a critical need for innovative treatments. The Zengmian Yiliu (ZMYL) formula, a Traditional Chinese

Medicine (TCM) prescription, has shown potential in enhancing chemotherapy efficacy and improving patients’

quality of life,

Purpose: To investigate the effects of the ZMYL formula on ovarian cancer organoids, focusing on its impact on

organoid phenotypes and underlying mechanisms, and to explore its potential as an immunotherapeutic agent.

Methods: Ovarian cancer organoids were established from surgical tissues and treated with the ZMYL formula at

varying concentrations. Network pharmacology was utilized to predict the formula’s therapeutic targets and

pathways, and molecular docking was conducted to validate ingredient-target interactions. Phenotypic changes were

monitored, and RNA sequencing was performed post-treatment to analyze gene expression alterations.

Results: A total of 34 overlapping targets of 10 compounds in the ZMYL formula and ovarian cancer were pre-

dicted by Network pharmacology analysis. The ZMYL formula induced dose-dependent morphological changes in

organoids, including a reduction in size and structural sparsity at higher concentrations. RNA sequencing

revealed significant modulation of cell cycle and immune response pathways, with a particular focus on

immunomodulatory effects. The formula’s treatment targeted key genes involved in these processes, reshaping the

tumor’s molecular landscape.

Conclusions: This study establishes ZMYL’s capacity to simultaneously target oncogenic drivers (e.g., cell cycle

regulators) and immune checkpoints (e.g., CXCL10-mediated T cell recruitment) in ovarian cancer organoids.

Unlike conventional monotherapy-focused approaches, ZMYL’s multi-component mechanism offers a synergistic

framework for integrating TCM with modern immunotherapies. These findings provide a foundation for future

clinical evaluation of ZMYL as a precision medicine strategy to enhance treatment efficacy and mitigate che-

moresistance in ovarian cancer.
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has a disheartening 5-year survival rate of less than 50%, emphasizing

the pressing need for innovative therapeutic strategies  (Bray et al.,

2024).  Recent  research has begun to unravel the complex tumor

microenvironment in ovarian cancer, revealing a landscape ripe for

immunotherapeutic intervention (Luo et al., 2024). W ith the identifi -

cation  of key  immunological  markers  and  the  role  of  homologous

recombination  deficiency in shaping the tumor microenvironment

Introduction

Ovarian cancer is a diverse disease with distinct histologic subtypes,

each with unique risk factors and treatments; global estimates for 2020

identify over 133,000 new serous cases, highlighting the need for tar-

geted prevention strategies (Wang et al., 2024a). Typically diagnosed at

advanced stages due to late detection and chemotherapy resistance, it
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(Vazquez-Garcia et al., 2022), the path forward includes the develop-

ment of targeted therapies that harness the immune system to combat

this deadly disease.

Build ing on the quest for innovative therapeutic approaches for

ovarian cancer, Traditional Chinese Medicine (TCM) offers a promising

avenue. The Zengmian Yil iu (ZMYL) formula, an emp irical prescription

adapted from the ancient Baozhen Decotion, has demonstrated potential

in complementing conventional treatments (Gong et al., 2015a; Qi et al.,

2012). Comprising 10 herbs with properties that nourish Qi and Yin, as

well as clear heat and detoxify, the ZMYL formula has been clinically

shown to enhance chemotherapy efficacy, mitigate its side effects, and

notably improve the quality of l i fe for patients. Notably, studies have

reported a higher survival rate and better Karnofsky Performance Status

(KPS) in patients administered the ZMYL formula compared to chemo-

therapy alone (Gong et al., 2015b; Zhang et al., 2015). The formula’s

multifaceted action on tumor cell apoptosis suggests a role in regulating

cellular death mechanisms (Qi et al., 2012). Despite these promising

findings, the intr icate "multi-components and multi-targets" nature of

TCM like the ZMYL formula necessitates further exploration to elucidate

its precise mechanisms, especially in the context of immunotherapy,

offering a bridge between traditional practices and modern medical

advancements.

Given the  intr icate and prolonged clinical  effects  of Traditional

Chinese Medicine (TCM), such as the ZMYL formula, and the challenges

in deciphering their downstream mechanisms, an in vitro model that

replicates the human tumor microenvironment is essential. Ovarian

cancer organoids fulf ill this need, providing a controlled model that can

respond to TCM treatments and offer insights into their complex ther-

apeutic dynamics (Kopper et al., 2019; Maenhoudt et al., 2020). These

organoids have surpassed traditional models by accurately simulating

the tumor’s microenvironment, including the preservation of genomic

and histological tumor features, which is vital for personalized medicine

(de Witte et al., 2020; Senkowski et al., 2023; Zhang et al., 2021). Our

previously research has highlighted the organoids’ ability to maintain a

rich immune context and vasculature, crucial for studying the formula’s

impact on cisplatin sensitivity (Zhao et al., 2024). By avoiding enzy-

matic digestion and Matrigel, these organoids offer a more authentic in

vivo- l ike model, making them ideal for exploring TCM’s role in immu-

notherapy and serving as a bridge between traditional and modern

treatment strategies.

In this study, we validated the therapeutic effects of the ZMYL for-

mula on ovarian cancer organoids based on our network pharmacology

predictions. The organoids demonstrated a dose-dependent response,

exhibiting morphological changes and alterations in cellular architec-

ture, particularly a reduction in size and structural sparsity at higher

concentrations of the ZMYL formula. RNA sequencing analysis post-

treatment  revealed  significant modulation of key pathways, high-

l ighting the formula’s abil i ty to reshape the tumor’s molecular land-

scape. Importantly, the treatment primarily targeted cell cycle signaling

and immune response cells, indicating a focused immunomodulatory

effect. These findings not only confirm our computational predictions

but also emphasize the potential of the ZMYL formula to specifically

influence critical immune cell populations, paving the way for enhanced

immunotherapeutic strategies in ovarian cancer.

Materials and methods

Ovarian cancer tissue collection

Our study encompassed a total of 21 ovarian cancer tissue (Table 1)

samples collected post-surgically from patients at the Obstetrics and

Gynecology Hospital of Fudan University. All samples were handled

with the utmost care to preserve their integrity for research purposes.

This study was conducted in compliance with the ethical guidelines and

received approval from the Ethics Committee of the Obstetr ics and

Gynecology Hospital of Fudan University (Approval Number: k yy2023-

Patient

number

Age Diseases Tumor location

OV023 72 High-grade serous carcinoma of the

fallopian tube

NA

OV043

OV045

45

60

Ovarian clear cell carcinoma

High-grade serous carcinoma of the

fallopian tube and ovary

NA

Peritoneum

OV049 55 High-grade serous carcinoma of the

fallopian tube

Left ovary

OV054 60 High-grade serous carcinoma of the

fallopian tube

Omentum

OV055

OV063

57

70

ovarian endometrioid carcinoma

High-grade serous carcinoma of the

fallopian tube

Right ovary
NA

OV064 52 High-grade serous carcinoma of the

fallopian tube

Left adnexa

OV069 71 High-grade serous carcinoma of the

fallopian tube

Primary adnexal

mass

OV075 55 High-grade serous carcinoma of the NA

OV076 59

ovary

High-grade serous carcinoma of the

fallopian tube

Right tubal mass

OV077 65 High-grade serous carcinoma of the NA

OV078 67

ovary

High-grade serous carcinoma of the

fallopian tube

NA

OV080 60 High-grade serous carcinoma of the

fallopian tube

Left adnexal mass

OV081 50 High-grade serous carcinoma of the

fallopian tube

NA

OV082 55 High-grade serous carcinoma of the

fallopian tube

NA

OV083 46 High-grade serous carcinoma of the

fallopian tube and ovary

Left and right

adnexal masses

OV084 64 High-grade serous carcinoma of the

fallopian tube and ovary

right adnexal mass

OV086

OV087

66

69

Ovarian clear cell carcinoma

High-grade serous carcinoma of the

fallopian tube

Pelvis, right adnexa

Right adnexal mass

OV088 42 Ovarian clear cell carcinoma Pelvis, right adnexa

06; Approval Date: 2023.2.27). All patients provided written informed

consent to participate in the study, and they were aware that the data

would be published in accordance with ethical standards.

Ovarian cancer organoids culture

Ovarian cancer tissues were collected and processed for organoid

culture using organoid  washing buffer   (LSTO00100201; Shanghai

LiSheng Biotech, China). Tissues were sheared into 3mm fragments and

cultured in ovarian cancer culture medium (LSTO001004; Shanghai

LiSheng Biotech, China) at 37◦ C and 5% CO2, with medium changes

every seven days (Cao et al., 2023; Zhao et al., 2024). Organoids were

passaged by harvesting with cell scrapers, centrifuging to remove su-

pernatant, and fragmenting to 3mm before transfer to fresh medium.

Successful culture was confirmed by the rounding of organoid edges,

with growth monitored using an inverted microscope (DMi1, Leica,

USA).

HE and IHC staining

Paraffin-embedded ovarian cancer tissue sections and ovarian cancer

organoids  sections  were  processed  for  both  hematoxylin  and  eosin

(H&E)  staining  and  immunohistochemical  (IHC)  analysis.  For  H&E

staining, sections were deparaffinized and stained with hematoxylin

(WAS30011, Wasci) and eosin (WAS30012, Wasci) to visualize cellular

structures,  fol lowed  by dehydration, clearing, and mounting with

neutral balsam (National Medicine 10004160). For IHC, after depar-

affinization and antigen retr ieval, the sections were incubated with

Q. Cao et al.     Phytomedicine 141 (2025) 156721
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these targets. The selection of active compounds was based on oral

bioavailabil i ty (OB) ≥30% and drug likeness (DL) ≥0.18. DrugBank

(Knox et al., 2024) was then used to associate targets with these active

compounds.

Ovarian cancer-related targets collection and differential gene expression

analysis

Ovarian  cancer-related targets were identified from GeneCards

(Stelzer et al., 2016), DisGeNET (Pinero et al., 2020), DrugBank (Knox

et al., 2024), TTD (Wang et al., 2020), and OMIM (Amberger et al.,

2015) using "ovarian cancer" as the search term. Visualization of the

targets was facilitated by the R package UpSetR. The GEO database was

also mined for DEGs from the GES26712 dataset, contrasting 10 normal

samples with 185 ovarian cancer samples. DEGs were identified using

the R Limma package with the criteria of |log2FC| >1 and Padjust

<0.05. Visualization of these DEGs was achieved using ggplot2 for

volcanic maps and pheatmap for heatmaps.

Network construction, PPI network, and molecular docking

The  intersection of  targets associated with the ZMYL formula,

ovarian cancer-related targets, and DEGs was determined using the R

package VennDiagram  (version  1.7.1).  Networks  illustrating  the re-

lationships among disease, drugs, compounds, targets, and biological

processes were constructed in Cytoscape (version 3.8.2). The STRING

database was uti l ized to build a PPI network for the key targets, applying

a confidence threshold of 0.4 and hiding disconnected nodes. Molecular

docking was performed to validate the interactions between active in-

gredients of the ZMYL formula and key targets. The three-dimensional

(3D)  structures  of  the  selected  targets  were downloaded  from the

RSCB PDB (Burley et al., 2021). AutoDock Tools (version 1.5.6) was

used to remove water molecules, isolate proteins, add nonpolar

hydrogen, and calculate Gasteiger charges for the target structures,

which were then saved in PDBQT format. The two-dimensional (2D)

structures of the common active ingredients were downloaded from the

PubChem  (Kim  et  al.,  2019).  The  2D  structure was processed and

transformed  into PDB  format through  Chem3D,  and were  saved  in

PDBQT format as docking ligand in AutoDock  (version  1.5.6).  The

selected target proteins were used as receptors, and the active ingredient

quercetin was used as ligand. The active site of the molecular docking

was determined by the l igand coordinate in the target protein complex.

AutoDock vina (version 1.1.2) was used for molecular docking simula-

tion, setting energy <-5 kcal/mol as strong. A total of 20 conformations

were generated for each docking result, and the conformation with the

best affini ty was chosen as the final docking conformation and was

visualized using PyMol (version 2.4.1).

Functional detection of ZMYL formula in ovarian cancer organoids

In the investigation of ZMYL formula’s impact on ovarian cancer

organoids, the formula’s lyophilized powder was dissolved in water and

fi l tered, then applied to organoids at concentrations of 25 ng/mL, 2.5

μg/mL,  250 μg/mL,  and  25  mg/mL.  Organoids  were  observed  and

photographed at set time points to assess their response to treatment.

For the OV081 organoids, histological assessment was performed on Day

14 post-treatment through paraffin embedding and section staining to

examine cellular morphology. Meanwhile, RNA from OV087 and OV088

organoids  was  collected  48  h  after  treatment for  subsequent tran-

scriptomic analysis, aiming to explore the molecular effects of the ZMYL

formula.

RNA-sequencing and analysis

For the RNA sequencing component of our study, organoids were

collected and preserved in TRIzol Reagent (15596018, ThermoFisher,

primary antibodies against Ki67 (MA5-14520, ThermoFisher) and PAX8

(10336-1-AP, Proteintech) at a dilution of 1:1000 overnight at 4◦ C. This

was fol lowed by incubation with a biotinylated secondary antibody and

an avidin-biotin-peroxidase complex, with immune complexes visual-

ized using a DAB substrate kit (ab64328, Abcam). The slides were then

counterstained, dehydrated, and mounted for examination under a light

microscope, enabling the assessment of cellular morphology and protein

expression patterns within the ovarian cancer tissues.

Single cell RNA sequencing and annotation

Single-cell RNA sequencing was applied to two patient-derived tissue

samples and three organoid samples to explore cellular heterogeneity.

Uti l izing a specific organoid dissociation kit from Shanghai LiSheng

Biotech, individual cells were isolated, erythrocytes removed, and cell

viability assessed with Solarbio lysis solution and a Countstar® Rigel S2

analyzer. Libraries for sequencing were prepared with the SeekOne® kit,

fol lowed by cDNA synthesis, purification, and amplification with unique

molecular identifiers. The l ibraries were cleaned, quantified with KAPA

Biosystems qPCR, and sequenced on the Illumina HiSeq 4000 platform.

Data  analysis  with  Cell  Ranger  and  Seurat  software  elucidated  the

cellular landscape within the ovarian cancer samples and organoids. The

expression matrix was generated using Cell Ranger v8.0.0 and See-

koulTools v1.2.1, depending on the type of single-cell sequencing kit

used. Different samples were integrated using Canonical Correlation

Analysis (CCA) in Seurat v5.1.0. The annotation was generated manu-

ally based on marker genes.

Preparation of ZMYL extracts and UHPLC/Q-TOF/MS

The ZMYL formula (provided by Longhua Hospital, Shanghai Uni-

versity of Traditional Chinese Medicine, China) contains ten species of

herbal medicines (Table 2). The ten component species were identified

by the Department of Pharmacy of Longhua Hospital. Add 10 times the

amount of water and soak for 30 min. After boil ing, sim mer for 30 min.

Strain the residue, add 8 times the amount of water to boil, simmer for

half an hour.  Strain, combine  filtrate  twice  and  concentrate  under

pressure to 850 ml. 2 ml of concentrated liquid was centrifuged in a

centrifuge tube and centrifuged at 12,000 RPM for 5 min. The super-

natant was obtained. Ultra-high-performance liquid chromatography-

quadrupole time-of-fl ight mass spectrometry (UHPLC/Q-TOF/MS) was

used to analyse the samples. Chromatographic separation was achieved

on anAgilent SB C18 analytical HPLC column (2.1  × 150 mm, 1.8 μm) .

ZMYL formula ingredients collection and target screening

The ZMYL formula, comprised of 10 TCM extracts, was evaluated for

its component compounds’ potential targets. Databases including

TCMSP (Ru et al., 2014), HERB (Fang et al., 2021), TCM-ID (Chen et al.,

2006), and BATMA-TCM (Liu et al., 2016) were searched to identify

Table 2

The composition of ZMYL.

Pharmaceutical Chinese name Part used Ratio

Radix Astragali Huangqi Root 15

Codonopsis pilosula Dangshen Root 15

Lycium barbarum Gouqizi Fruit 15

Scutellariae Barbatae Banzhilian Aerial part 18

Akebia trifoliata Koidz Bayuezha Fruit 18

Asparagus cochinchinensis Tiandong Root and

Rhizome

12

Paeonia lactiflora pallas Baishao Root 15

Rhizoma Atractylodis Baizhu Root and 9

Macrocephalae Rhizome

Aucklandia lappa Decne Muxiang Root 9

Rehmannia glutinosa Libosch Shengdihuang Root and

Rhizome

12
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USA) for RNA stabilization before being stored at -80◦ C. Total RNA was

isolated using the RNA Easy Fast Tissue/Cell Kit (4992732, Tiangen,

China), and RNA quality was assessed with a Qubit 3.0 Fluorometer

(ThermoFisher, Waltham, England). Reverse transcription and library

preparation were performed using the RT Kit (KR118, TIANGEN, China)

and  the  RNA Library Prep Kit (E7530L, NEB, USA), respectively.

Sequencing  was conducted on an Illumina HiSeq 4000 platform,

yielding data analyzed based on fragments per kilobase of transcript per

million mapped reads (FPKM). Differential gene expression analysis was

carried out using R and Morpheus online software, with functional and

Fig. 1. Establishment of ovarian cancer organoids. (A) Workflow diagram outlining the process of establishing ovarian cancer organoids, from initiation to 

analysis. (B) Growth progression of OV063 and OV064 organoids captured by bright-field images at Days 0, 5, 10, and 14. Accompanying schematics indicate the 

increase in density, sphericity, and size over time. (C) Varied phenotypes of organoids from 10 distinct patient samples on Day 14, illustrating the phenotypic di-

versity. (D) Summary of organoid phenotypes, categorized as Solid, Gradient Density, Protrusive, Speckled, Vasculated, and Transparent. (E) Growth comparison of 

OV045 and OV054 organoids at Passage 0 (P0) and Passage 1 (P1), indicating their growth kinetics. Scale Bar: 200 μm.

pathway enrichment analyses performed via the g:Profiler database.

Statistical analysis

Data, derived from a minimum of three replicates, are expressed as

the mean ± standard deviation across separate experiments. Statistical

evaluations were conducted utilizing GraphPad Prism version 8.
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Comprehensive characterization of ovarian cancer organoids and cellular

heterogeneity

Our  ovarian  cancer  organoid  system,  designed  to  closely  mimic

native  tumor  characteris tics,  was  validated  through  comprehensive

histological and cellular analyses. H&E staining (Fig. 2A) revealed well-

preserved tissue architecture across organoids from six patients, while

PAX8 staining confirmed their epithelial origin (Fig. 2B). Ki67 staining

indicated active prol i feration, demonstrating the organoids’ viabil i ty

(Fig. 2C).

The single-cell RNA sequencing analysis of ovarian cancer tissues

and organoids has revealed a complex cellular landscape that mirrors

the heterogeneity of the original tumors, with a high degree of overlap in

cellular  distr ibutions  observed  between organoids and their corre-

sponding tissues (Fig. 3A, B). This suggests that the organoid system can

replicate a broad range of cell types and proportions, preserving the

sample-specific heterogeneity. The annotated cluster map categorizes

the cells into thirteen distinct groups, including various immune cells

such as B cells, marcrophages, proliferating T cells and other T cells,

indicating the organoid culture system’s potential for studying immune-

related therapies and drug responses (Fig. 3C). The marker genes for

each cluster, displayed in (Fig. 3D), further highlight the molecular di-

versity of the cell types present. A detailed analysis of different types ofT

cells, as shown in (Fig. 3E, F), reveals the expression patterns of genes

associated with distinct T cell states, including activation, exhaustion,

and cytotoxicity, providing crucial insights into the impact of TCM

Results

Establishment and morphological tracking of ovarian cancer organoids

To preserve the native microenvironment of ovarian tumor tissues

and prevent clonal selection, we established ovarian cancer organoids

without enzymatic dissociation or the use of Matrigel, as outlined in the

workflow diagram (Fig. 1A). This approach facil i tated the maintenance

of tissue architecture and cellular interactions, critical for reflecting the

in vivo tumor ecosystem. The organoids were cultured from mechani-

cal ly sheared tissue fragments and monitored for growth and morpho-

logical changes using bright-field imaging, which captured the increase

in density, sphericity, and size over time (Fig. 1B). On Day 14, the

organoids exhibited a spectrum of phenotypes, underscoring the het-

erogeneity of ovarian cancer and the representativeness of our model

system (Fig. 1C). Phenotypes were systematically categorized into six

distinct groups, aid ing in the comparative analysis of organoid charac-

teristics  (Fig.  1D).  A  growth kinetics  comparison  between  passages

demonstrated the adaptabi l i ty and growth potential of these organoids,

highl ighting the importance of passaging in organoid culture (Fig. 1E).

These results pave the way for our upcoming investigations into the

organoids’ internal structure and cellular makeup, which are expected

to yield additional understanding of their b iological characteristics and

their value as research models for ovarian cancer.

Fig. 2. Ovarian cancer organoid characterization. (A) H&E staining of organoids from six patients (OV075, OV076, OV077, OV078, OV080, and OV082),

showcasing cellular arrangement and tissue structure. (B) PAX8 staining confirms the organoids’ ovarian epithelial origin. (C) Ki67 staining assesses the organoids’

proliferative activity. Scale Bar: 20 μm.
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Fig. 3. Single-cell RNA sequencing of ovarian cancer tissues and organoids. (A) The overview of the single-cell RNA sequencing approach. (B) Distribution plots of

ovarian cancer tissues (OV083, OV086) and organoids (OV004, OV0083) reveal the cellular heterogeneity within the samples. (C) The annotated cluster map 

delineates thirteen distinct cell populations, including B cells, ciliated epithelial cells, dendritic cells, endothelial cells, epithelial cancer cells, epithelial cells, fi-

broblasts, macrophages, natural killer cells, neuronal cells, plasma cells, proliferating T cells and other T cells, providing a comprehensive view of the cellular 

composition. (D) The marker genes characteristic of each cell cluster, providing a molecular overview. (E) The annotated cluster map delineates five different types of T

cells, including cytotoxic T cells, helper T cells, ILC3, MKI67+ T cells and regulatory T cells. (F) Subgroup analysis of CD8-positive T cells, differentiated by gene 

expression profiles, distinguishes among various T cell states, including activated, exhausted, and toxic phenotypes.
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treatments l ike the ZMYL formula on the tumor’s immune microenvi-

ronment. These results underscore the organoid model’s potential in

advancing  research into immunotherapeutic strategies for ovarian

cancer.

Network pharmacology-driven identification of ZMYL formula ’s

therapeutic targets and pathways in ovarian cancer

Following the establishment of an organoid system that recapitulates

the immune microenvironment of ovarian cancer, we delved into the

therapeutic effects and underlying mechanisms of the Zengmian Yiliu

(ZMYL)  formula  (Figs. 4 and 5A)  using a network pharmacology

approach. This analysis was crucial for identifying the active constitu-

ents and pathways that the ZMYL formula might target in ovarian can-

cer. Our analysis began with the identification of formula targets from

OMIM (Amberger et al., 2015), TCMSP (Ru et al., 2014), HERB (Fang

et al., 2021), TCM-ID (Ru et al., 2014) and BATMAN-TCM (Liu et al.,

2016) (Table 3), and the collection of ovarian cancer therapeutic targets

from GeneCards (Stelzer et al., 2016), DisGeNET (Pinero et al., 2020)

and DrugBank (Knox et al., 2024) (Fig. 5B). We further examined the

genomic data using the GES26712 dataset, revealing a total of 1768

DEGs in ovarian cancer, with distinct upregula tion and downregulation

patterns  visualized  in  a  volcanic  map  (Fig. 5C).  Consolidating  the

overlapping targets from the formula, ovarian cancer, and DEGs, we

pinpointed a core set of 34 targets that may be modulated by the ZMYL

formula (Fig. 5D). A subsequent disease-drug-compound-target network

construction revealed 18 bioactive compounds from eight herbs that

potential ly interact with these genes, forming a network with 221 edges

indicative of the formula’s therapeutic pathways (Fig. 5E). To elucidate

the molecular interactions within this network, a PPI network was

constructed, highlighting key regulatory genes that the ZMYL formula

may target, as reflected by the nodes’ size and darkness (Fig. 5F). Lastly,

molecular  docking  analysis  provided insights into the specific in-

teractions between the formula’s active ingredients, such as diosgenin,

baicalein, and quercetin, with key targets like TP53, JUN, VEGFA,

ERBB2, MMP2 and CAV1, as shown in the molecular docking patterns

Fig. 4.  UPLC-QTOF-MS analysis of ZMYL formula ingredients. (A) Representative ion chromatogram of ZMYL Formula in the negative mode. (B) Representative 

ion chromatogram of ZMYL Formula in the positive mode. (C) UPLC UV chromatogram of ZMYL compound sample -UV 254 nm.
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Fig. 5.  Disease-drug-compound-target network construction of ZMYL formula. (A) Nature medical plants and traditional Chinese medicine for ZMYL formula.

(B) The network construction begins with the identification of ovarian cancer targets from five databases: GeneCards, DisGeNET, DrugBank, TTD, and OMIM. A

comparative bar chart details the number of unique and shared targets from each database, with a visual dot representation indicating the intersection of these 

datasets. (C) A volcanic map illustrates the differential gene expression in ovarian cancer, with red dots for up-regulated genes, blue for down-regulated, and black for 

non-significant genes, offering a snapshot of the genetic alterations associated with the disease. (D) The identification of overlapping targets between ovarian cancer 

and the ZMYL formula, along with DEGs, reveals 34 common candidate genes that may be key to the formula’s therapeutic effects. (E) The Disease-Drug-Compound-

Target network visually maps the interactions between 8 herbs and 18 bioactive compounds from the ZMYL formula and the 34 overlapping genes, highlighting 221

edges that represent potential therapeutic pathways. (F) The PPI network of these overlapping genes emphasizes the importance of specific genes in the treatment of 

ovarian cancer, with node size and darkness reflecting gene significance in the disease’s molecular mechanisms. (G) Molecular docking patterns demonstrate the 

specific interactions between active ingredients like diosgenin, baicalein, and quercetin with key targets such as TP53, JUN, VEGFA, ERBB2, MMP2, and CAV1,

suggesting the potential molecular mechanisms of the ZMYL formula’s therapeutic action in ovarian cancer treatment.
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Molecule

ID

Molecule name OB % DL Herb name

MOL000211 Mairin 55.38 0.78 Huangqi/Muxiang/Baishao

MOL000239 Jaranol 50.83 0.29 Huangqi

MOL000296 hederagenin 36.9 0.75 Huangqi

MOL000033 (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-[(2R,5S)-5-propan-2-yloctan-2-yl]-

2 ,3,4,7,8,9,11,12,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthren-3-ol

36.23 0 . 7 8 Huangqi/ Baizhu

MOL000354 isorhamnetin 49.6 0.31 Huangqi

MOL000371 3 , 9 -di- O- methylnissolin 53.74 0.48 Huangqi

MOL000374 5,-hydroxyiso-muronulatol-2,,5,-di-O-glucoside 41.72 0.69 Huangqi

MOL000378 7-O-methylisomucronulatol 74.67 0.30 Huangqi

MOL000379 9,10-dimethoxypterocarpan-3-O-#-D-glucoside 36.74 0.92 Huangqi

MOL000380 (6aR,11aR)-9,10-dimethoxy-6a,11a-dihydro-6H-benzofurano[3,2-c]chromen-3-ol 64.26 0.42 Huangqi

MOL000387 Bifendate 31.10 0.67 Huangqi

MOL000392 formononetin 69.67 0.21 Huangqi

MOL000398 isoflavanone 109.99 0.30 Huangqi

MOL000417 Calycosin 47.75 0.24 Huangqi

MOL000422 kaempferol 41.88 0 . 2 4 Huangqi/ Baishao

MOL000433 FA 68.96 0.71 Huangqi

MOL000438 ( 3 R) -3- (2-hydroxy-3,4-dimethoxyphenyl)chroman-7-ol 67.67 0.26 Huangqi

MOL000439 isomucronulatol-7 ,2 ,-di-O-glucosiole 49.28 0.62 Huangqi

MOL000442 1,7-Dihydroxy-3,9-dimethoxy pterocarpene 39.05 0.48 Huangqi

MOL000098 quercetin 46.43 0.28          Huangqi/Banzhi lian/Tiandong/

Gouqi

MOL001006 poriferasta-7,22E-dien-3beta-ol 42.98 0.76           Dangshen

MOL002140 Perlolyrine 65.95 0.27           Dangshen

MOL002879 Diop 43.59 0.39           Dangshen

MOL003036 ZINC03978781 43.83 0.76           Dangshen

MOL000449 Stigmasterol 43.83 0.76          Dangshen/Banzhilian/Tiandong/

Gouqi/Muxiang

MOL003896 7-Methoxy-2-methyl isoflavone 42.56 0 . 2 0 Dangshen/ Tiandong

MOL004355 Spinasterol 42.98 0.76           Dangshen

MOL004492 Chrysanthemaxanthin 38.72 0.58           Dangshen

MOL005321 Frutinone A 65.90 0.34           Dangshen

MOL000006 luteolin 36.16 0 . 2 5 Dangshen/ Banzhilian

MOL006554 Taraxerol 38.40 0.77           Dangshen

MOL006774 stigmast-7-enol 37.42 0.75           Dangshen

MOL007059 3-beta-Hydroxymethyllenetanshiquinone 32.16 0.41           Dangshen

MOL007514 methyl icosa-11,14-dienoate 39.67 0.23           Dangshen

MOL008391 5alpha-Stigmastan-3,6-dione 33.12 0.79           Dangshen

MOL008393 7 - ( beta-Xylosyl) cephalomannine_ qt 38.33 0.29           Dangshen

MOL008397 Daturilin 50.37 0.77           Dangshen

MOL008400 glycitein 50.48 0.24 Dangshen/Gouqi

MOL008406 Spinoside A 39.97 0.40           Dangshen

MOL008407 (8S,9S,10R,13R,14S,17R)-17-[(E,2R,5S)-5-ethyl-6-methylhept-3-en-2-yl]-10,13-dimethyl-

1 ,2,4,7,8,9,11,12,14,15,16,17-dodecahydrocyclopenta[a]phenanthren-3-one

45.40 0.76           Dangshen

MOL008411 11-Hydroxyrankinidine 40.00 0.66           Dangshen

MOL001040 (2R)-5,7-dihydroxy-2-(4-hydroxyphenyl)chroman-4-one 42.36 0.21 Banzhilian

MOL012245 5 , 7 ,4 , - trihydroxy- 6-methoxyflavanone 36.63 0.27 Banzhilian

MOL012246 5 , 7 ,4 , - trihydroxy- 8-methoxyflavanone 74.24 0.26 Banzhilian

MOL012248 5-hydroxy-7,8-dimethoxy-2-(4-methoxyphenyl)chromone 65.82 0.33 Banzhilian

MOL012250 7-hydroxy-5,8-dimethoxy-2-phenyl-chromone 43.72 0.25 Banzhilian

MOL012251 Chrysin-5-methylether 37.27 0.20 Banzhilian

MOL012252 9,19-cyclolanost-24-en-3-ol 38.69 0.78 Banzhilian

MOL002776 Baicalin 40.12 0.75 Banzhilian

MOL012254 campesterol 37.58 0.71 Banzhilian/Shengdihuang

MOL000953 CLR 37.87 0.68 Banzhilian/Gouqi

MOL000358 beta-sitosterol 36.91 0.75          Banzhilian/Tiandong/Gouqi/

Yuzhizi/Baishao/Shengdihuang

MOL012266 rivularin 37.94 0.3663 Banzhilian

MOL001973 Sitosteryl acetate 40.39 0.85 Banzhilian

MOL012269 Stigmasta-5,22-dien-3-ol-acetate 46.44 0.86 Banzhilian

MOL012270 Stigmastan-3,5,22-triene 45.03 0.71 Banzhilian

MOL000173 wogonin 30.68 0.23 Banzhilian

MOL001735 Dinatin 30.97 0.27 Banzhilian

MOL001755 24-Ethylcholest-4-en-3-one 36.08 0.76 Banzhilian

MOL002714 baicalein 33.52 0.21 Banzhilian

MOL002719 6-Hydroxynaringenin 33.23 0.24 Banzhilian

MOL002915 Salvigenin 49.07 0.33 Banzhilian

MOL000351 Rhamnazin 47.14 0.34 Banzhilian

MOL000359 sitosterol 36.91 0.75          Banzhilian/Tiandong/Yuzhizi/

Muxiang/Baishao

MOL005190 eriodictyol 71.79 0.24 Banzhilian

MOL005869 daucostero_qt 36.91 0.75 Banzhilian

MOL008206 Moslosooflavone 44.09 0.25 Banzhilian

(continued on nextpage)
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Molecule

ID

Molecule name OB % DL Herb name

MOL000020 12-senecioyl-2E,8E,10E-atractylentriol 62.40 0.22 Baizhu

MOL000021 14-acetyl-12-senecioyl-2E,8E,10E-atractylentriol 60.31 0.31 Baizhu

MOL000022 14-acetyl-12-senecioyl-2E,8Z,10E-atractylentriol 63.37 0.30 Baizhu

MOL000028 α-Amyrin 39.51 0.76 Baizhu

MOL000049 3#-acetoxyatractylone 54.07 0.22 Baizhu

MOL000072 8#-ethoxy atractylenolide III 35.95 0.21 Baizhu

MOL003889 methylprotodioscin_qt 35.12 0.86 Tiandong

MOL003891 pseudoprotodioscin_qt 37.93 0.87 Tiandong

MOL003901 Asparaside A_qt 30.60 0.86 Tiandong

MOL000546 diosgenin 80.88 0.81 Tiandong

MOL001323 Sitosterol alpha1 43.28 0.78 Gouqi

MOL003578 Cycloartenol 38.69 0.78 Gouqi

MOL001494 Mandenol 41.99 0.19 Gouqi

MOL001495 Ethyl linolenate 46.10 0.20 Gouqi

MOL001979 LAN 42.12 0.75 Gouqi

MOL005406 atropine 45.97 0.19 Gouqi

MOL005438 campesterol 37.58 0.71 Gouqi

MOL006209 cyanin 47.42 0.76 Gouqi

MOL007449 24-methylidenelophenol 44.19 0.75 Gouqi

MOL008173 daucosterol_qt 36.91 0.75 Gouqi

MOL010234 delta-Carotene 31.80 0.55 Gouqi

MOL009604 14b-pregnane 34.78 0.34 Gouqi

MOL009612 (24R)-4alpha-Methyl-24-ethylcholesta-7,25-dien-3beta-ylacetate 46.36 0.8398 Gouqi

MOL009615 2 4 - Methylenecycloartan- 3beta, 21 -diol 37.32 0.8 Gouqi

MOL009617 24-ethylcholest-22-enol 37.09 0.75 Gouqi

MOL009618 24-ethylcholesta-5,22-dienol 43.83 0.76 Gouqi

MOL009620 24-methyl-31-norlanost-9(11)-enol 38.00 0.75 Gouqi

MOL009621 24-methylenelanost-8-enol 42.37 0.77 Gouqi

MOL009622 Fucosterol 43.78 0.76 Gouqi

MOL009631 31-Norcyclolaudenol 38.68 0.81 Gouqi

MOL009633 31-norlanost-9(11)-enol 38.35 0.72 Gouqi

MOL009634 31-norlanosterol 42.20 0.73 Gouqi

MOL009635 4 , 2 4 - methyllophenol 37.83 0.75 Gouqi

MOL009639 Lophenol 38.13 0.71 Gouqi

MOL009640 4 alpha, 1 4 alpha, 24- trimethylcholesta-8,24-dienol 38.91 0.76 Gouqi

MOL009641 4 alpha, 2 4 -dimethylcholesta-7,24- dienol 42.65 0.75 Gouqi

MOL009642 4 alpha- methyl- 2 4 -ethylcholesta-7,24- dienol 42.30 0.78 Gouqi

MOL009644 6-Fluoroindole-7-Dehydrocholesterol 43.73 0.72 Gouqi

MOL009646 7-O-Methylluteolin-6-C-beta-glucoside_qt 40.77 0.30 Gouqi

MOL009650 Atropine 42.16 0.19 Gouqi

MOL009651 Cryptoxanthin monoepoxide 46.95 0.56 Gouqi

MOL009653 Cycloeucalenol 39.73 0.79 Gouqi

MOL009656 (E,E)-1-ethyl octadeca-3,13-dienoate 42.00 0.19 Gouqi

MOL009660 methyl (1R,4aS,7R,7aS)-4a,7-dihydroxy-7-methyl-1-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-

(hydroxymethyl)oxan-2-yl]oxy-1,5,6,7a-tetrahydrocyclopenta[d]pyran-4-carboxylate

39.43 0.47 Gouqi

MOL009662 Lantadene A 38.68 0.57 Gouqi

MOL009664 Physalin A 91.71 0.27 Gouqi

MOL009665 Physcion-8-O-beta-D-gentiobioside 43.90 0.62 Gouqi

MOL009677 lanost-8-en-3beta-ol 34.23 0.74 Gouqi

MOL009678 lanost-8-enol 34.23 0.74 Gouqi

MOL009681 Obtusifoliol 42.55 0.76 Gouqi

MOL010929 glyceryl linolenate 38.14 0.31 Yuzhizi

MOL002882 [(2R)-2,3-dihydroxypropyl] (Z)-octadec-9-enoate 34.13 0.30 Yuzhizi

MOL008121 2-Monoolein 34.23 0.29 Yuzhizi

MOL008218 1-Monoolein 34.13 0.30 Yuzhizi

MOL010813 Benzo[a]carbazole 35.22 0.22 Muxiang

MOL010828 cynaropicrin 67.50 0.38 Muxiang

MOL010839 lappadilactone 38.56 0.73 Muxiang

MOL001910 11alpha,12alpha-epoxy-3beta-23-dihydroxy-30-norolean-20-en-28,12beta-olide 64.77 0.38 Baishao

MOL001918 paeoniflorgenone 87.59 0.37 Baishao

MOL001919 (3S,5R,8R,9R,10S,14S)-3,17-dihydroxy-4,4,8,10,14-pentamethyl-2,3,5,6,7,9-hexahydro-1H-

cyclopenta[ a]phenanthrene- 15,16-dione

43.56 0.53 Baishao

MOL001921 Lactiflorin 49.12 0.80 Baishao

MOL001924 paeoniflorin 53.87 0.79 Baishao

MOL001925 paeoniflorin_qt 68.18 0.40 Baishao

MOL001928 albiflorin_qt 66.64 0.33 Baishao

MOL001930 benzoyl paeoniflorin 31.27 0.75 Baishao

MOL000492 (+ )-catechin 54.83 0.24 Baishao

Dose-dependent effects of ZMYL formula on ovarian cancer organoids

As a result of our network pharmacology predictions on the potential

effects of the ZMYL formula in ovarian cancer, we sought to verify its

therapeutic efficacy using a human ovarian organoids culture system

(Fig. 5G). In essence, our network pharmacology analysis has succinctly

outl ined  the  ZMYL  formula’s  multi-targeted  therapeutic  strategy  in

ovarian cancer, laying the groundwork for subsequent organoid-based

experiments and pharmacological inquiries.
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Fig. 6.  Dose-dependent effects of ZMYL formula on ovarian cancer organoids. (A) Flowchart of the efficacy testing process of the ZMYL formula on organoids 

derived from different ovarian cancer patients. (B) Morphological comparison of organoids at Day 0 and Day 8 post-treatment with the ZMYL formula at various 

concentrations. (C) Day 14 organoid state and corresponding HE-stained sections, showcasing the dose-dependent effects on growth and morphology. (D) Ki67

immunohistochemical staining of organoids treated with different concentrations of ZMYL formula. Black scales: 200; Blue scale: 20 μm.

which has been proven to be a reliable platform for drug screening in

ovarian cancer research (Cao et al., 2023; Zhao et al., 2024). The ZMYL

formula’s dose-dependent impact on ovarian cancer organoids is evident

from the treatment efficacy flowchart (Fig. 6A), detailing the exposure

of   organoids   from   var ious   patients   to   a   gradient of   formula

concentrations. By Day 8, morphological changes were apparent, with

(Fig. 6B) showing a reduction in size and shape alteration in organoids

treated with higher concentrations. H&E staining by Day 14, as depicted

in (Fig. 6C), revealed that escalating dosages of the ZMYL formula cor-

responded to a decrease in cellular density and an increase in structural
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formula. Our analysis identified 34 target genes, some significantly

changed in RNA-seq data, confirming the reliabil i ty of network phar-

macology  in  predicting  therapeutic  targets for  TCM formulas. For

instance, CCNB1 and CDK1 are well-known regulators of the cell cycle,

and their dysregulation is linked to ovarian cancer progression (Kim

et al., 2024; Yang et al., 2022). ZMYL’s potential effect on these genes

could be a mechanism through which it influences cell cycle arrest.

Additionally, genes such as VCAM1 is involved in immune cell recruit-

ment and the formation of new blood vessels, respectively. VCAM1 plays

a crucial role in the adhesion and migration of immune cells to the tumor

site (Samaha et al., 2018), while VEGFA is known for its role in angio-

genesis and immune evasion. The impact of ZMYL on these genes might

further explain its therapeutic effects on ovarian cancer. However, the

six key targets from molecular docking (TP53, VEGFA, MMP2, JUN,

ERBB2, and CAV1) showed no significant changes in RNA-seq. These

genes might sti l l influence the formula’s effects through their down-

stream pathways, such as cell cycle regulation for TP53 (Qiu et al., 2022)

and immune modulation for VEGFA (Wen et al., 2024). While molecular

docking offers insights into drug-target interactions, further experi-

mental validation is needed. Our study provides a foundation for un-

derstanding ZMYL’s mechanisms, but more in vitro and in vivo

experiments are required to fully explore its effects on these pathways.

Compared to previous studies, our work innovatively combines network

pharmacology with transcriptomic data to explore the multi - target ef-

fects of ZMYL on ovarian cancer. This integrative approach not only

confirms known targets but also identifies novel potential targets, of-

fering a more comprehensive understanding of the formula’s thera-

peutic mechanisms. Our study offers fresh perspectives on TCM formula

research in cancer treatment through two key innovations. First, we

systematically investigated ZMYL’s dual effects on cell cycle regulation

and immune response modulation. Second, we used organoid models,

the most realistic in vitro systems reflecting in vivo conditions, to observe

TCM formulas’ effects on cancer cell cycle and immune response. This

approach enhances our understanding of TCM’s role in cancer

treatment.

The phenotypic responses of organoids to drug treatments can vary

widely, as observed in our study and previously reported outcomes.

While some organoids may exhibit shrinkage and edge disintegration

(Zhao et al., 2024), others might show a reduction in migrating cells

post-treatment (Cao et al., 2023). Interestingly, organoids treated with

the ZMYL formula did not display drastic morphological changes but did

exhibit  internal  structural  disarray. This  highlights  the  need  for  a

multifaceted approach in assessing drug responses in organoids,

including both morphological and molecular analyses.

Further, our study’s gene expression analysis post-ZMYL formula

treatment has provided valuable insights into the molecular changes

within ovarian cancer organoids. The cell cycle-related genes CCNB2,

CDC20,  CDC25A,  CDK10 ,  and others, which we identified as being

modulated by the ZMYL formula, are consistent with key regulators of

cell d ivision (Fig. 9). Notably, CCNB2 has been reported to be involved

in the G2/M transition of the cell cycle and is associated with poor

prognosis in ovarian cancer (Ke et al., 2022). Similarly, CDC20 and

CDC25A are known to play crucial roles in cell cycle regulation and have

been implicated in chemoresistance in ovarian cancer (Sun et al., 2021;

Sun et al., 2019). The modulation of these genes by the ZMYL formula

suggests    a    potential    mechanism    for    its    therapeutic    effects.

Immune-related genes such as ABI3, ARHGDIB, CD1A, and CXCL10,

which were also found to be affected by the ZMYL formula, are known to

play significant roles in immune cell function and tumor immunology.

For instance, CXCL10 is a chemokine that attracts immune cells to the

tumor site and has been associated with improved survival in ovarian

cancer patients (Bronger et al ., 2016). The ability of the ZMYL formula

to regulate these genes indicates its potential to modulate the tumor’s

immune microenvironment, which is a critical aspect of cancer immu-

notherapy. The differential gene expression we observed aligns with

previous reports on the effects of traditional Chinese medicine in cancer

sparsity within the organoids. Furthermore, Ki67 immunohistochemical

staining (Fig. 6D) demonstrated a s ignificant reduction in Ki67-positive

cells with increasing concentrations of ZMYL, indicating a decrease in

cell proli feration. These findings indicate that the formula influences not

only the growth but also the internal cellular architecture of ovarian

cancer organoids, thereby substantiating its therapeutic potential as

suggested by our initial computational analysis.

Modulation of cellular pathways by the ZMYL formula in ovarian cancer

organoids

The time-lapse imaging of OV087 and OV088 organoids exposed to

various concentrations of the ZMYL formula has captured the morpho-

logical changes over the course of 31 days, demonstr ating the formula’s

impact on organoid growth and structure (Fig. 7A). The PCA analysis

(Fig.  7B) reveals the transcriptional variance among the organoids,

underscoring the diversity in their responses to the treatment. For the

transcriptomic analysis, we used four different doses of ZMYL formula:

25 ng/mL, 2.5 μg/mL, 250 μg/mL, and 25 mg/mL. These doses were

selected based on preliminary experiments to capture a range of phar-

macological  effects without  complete  cytotoxicity.  The  samples  for

RNA-seq were labeled as -1 (Control group), -3, -5, -7, and -9 (ZMYL

treatment groups). The combined hierarchical clustering analysis

(Fig. 7C) not only highlights the heterogeneity between patient samples

but also distinguishes the treated groups from the controls, suggesting a

clear effect of the ZMYL formula on gene expression patterns. Further-

more, the heatmaps correspond with the single-cell sequencing analysis,

showcase the expression of T cell-related genes and the 34 target genes

identified through network pharmacology (Fig. 7D, E). The significant

binding interactions of six genes (TP53, JUN, VEGFA, ERBB2, MMP2,

CAV1) marked with red arrows indicate their potential roles in medi-

ating the formula’s effects.

Trend analysis of OV087 and OV088 after ZMYL treatment revealed

gene expression changes. In OV087, 5554 genes were downregulated

and 1023 upregulated; in OV088, 4177 downregulated and 651 upre-

gulated. Venn diagram analysis identified common genes affected in

both organoids. This analysis pinpointed 853 downregulated and 68

upregulated genes in response to the ZMYL formula (Fig. 8A). The Gene

Ontology (GO) analysis indicates that the formula’s treatment leads to

the suppression of cell cycle pathways and the activation of immune

response pathways (Fig. 8B, C). Specifically, cell cycle-related genes

such as CCNB2, CDC20, CDC25A, and CDK10 are significantly down-

regulated, consistent with the reduced Ki67 staining observed in Fig. 6D.

Additionally, immune-related genes like CXCL10 are upregulated, sug-

gesting  the formula’s potential to modulate the tumor’s immune

microenvironment.  The  heatmaps  visually  represent  the  expression

changes of these cell cycle and immune response genes in OV087 and

OV088 organoids (Fig. 8D, E), reinforcing the formula’s potential to

inhibit cancer cell prol i feration while enhancing immune cell activity.

Discussion

Our study presents a cutting-edge approach to establishing ovarian

cancer organoids, which is critical for advancing research in cancer

therapeutics. By uti l izing a method that avoids enzymatic dissociation

and Matrigel, we have successfully maintained the native microenvi-

ronment of ovarian tumor tissues, as outlined in our methodology. This

method, consistent with the sophisticated approaches reported in the

literature, ensures the maintenance of diverse cellular components and

their interactions, closely mirroring the complexity of the tumor’s native

environment (Kopper et al., 2019). The retention of patient-specific

heterogeneity in our organoids is a significant advantage, as it ensures

the potential for personalized medicine, a key aspect of modern cancer

treatment strategies.

Network pharmacology is a powerful tool for understanding the

complex  mechanisms  of  multi -component  therapies  like the ZMYL
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Fig. 7. Modulation of gene expression in ovarian cancer organoids by the ZMYL formula. (A) Time-lapse bright-field microscopy images of OV087 and OV088

organoids treated with the ZMYL formula at different concentrations (25 ng/mL, 2.5 μg/mL, 250 μg/mL, 25 mg/mL) and captured at various time points (Day 0, 9,

16, 31), illustrating the morphological changes. (B) PCA analysis of RNA-seq data from the treated organoids, highlighting the transcriptional variance and clustering.

(C) Combined hierarchical clustering analysis of the two samples, revealing coordinated gene expression patterns. (D) Heatmap of 19 T cell related genes identified 

different types of T cells. (E) Heatmap of the 34 target genes identified from the network pharmacology analysis, with six genes (TP53, JUN, VEGFA, ERBB2, MMP2, 

CAV1) connected to the ZMYL formula and marked with red arrows for their significant binding interactions.
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Fig. 8. Impact of ZMYL formula on immune response and cell cycle pathways in ovarian cancer organoids. (A) Trend analysis coupled with Venn diagram 

analysis identifies a set of 853 commonly downregulated genes and 68 commonly upregulated genes in response to increasing concentrations of the ZMYL formula.

(B, C) GO analysis of the downregulated genes (profile0) suggests a suppression of cell cycle pathways, while the upregulated genes (profile19) indicate an activation of 

immune response pathways. (D, E) Heatmaps depict the expression of cell cycle and immune response genes in OV087 and OV088 organoids, respectively.
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treatment. For example, a review of Chinese medicine’s effectiveness

against ovarian cancer highlights the multi-component, multi-target

nature of such treatments, which is reflected in our findings (Wang et al.,

2024b). The modulation of immune and cell cycle-related genes by the

ZMYL  formula  could  enhance  the  body’s  immune  response  against

cancer cells while also targeting cell proliferation, offering a compre-

hensive approach to treatment.

While our study provides valuable insights into the potential of the

ZMYL formula in ovarian cancer therapy, i t is not without l imitations.

The complexity of TCM formulas and the variabil i ty in organoid re-

sponses across patients necessitate further research. Additionally, the

translation of our in vitro findings to in vivo models and clinical settings is

a critical next step. Despite these challenges, our work lays a solid

foundation for the integration of  TCM with modern oncological

treatments.

Conclusion

In conclusion, our study demonstrates the potential of the ZMYL

formula  as  a  complementary  therapy  in  ovarian  cancer  treatment,

particularly in modulating immune responses and cell cycle progression.

The integration of network pharmacology with in vitro organoid models

offers a promising strategy for elucidating the mechanisms of action of

TCM and informs future directions in cancer research and therapy.
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Abstract

Background: Abdominal Aortic Aneurysm (AAA) is a critical global health issue, affecting an estimated up to 8% of men over

65, with a complex etiology involving smoking, age and gender. However, the lack of specific drug treatments underscores the

need for a robust in vitro model to advance our comprehension of AAA pathophysiology and serve as an ex vivo surrogate for

drug testing. Methods: This study introduces an innovative AAA patient-derived organoid (PDO) model using a non-

enzymatic procedure, a Matrigel-free system, and specialized organoid culture medium, leveraging 3-dimensional (3D) cultures

to replicate the disease's microenvironment. The stability of this culture system was assessed through microscopic

observation, H&E staining, immunohistochemistry (IHC), viability assays, and whole-genome sequencing (WES). Additionally,

we conducted pharmacological assessments to explore the effects of drug treatments on AAA PDO.

Results: Our model maintains aortic morphological integrity and pathological phenotypes, incorporates the

immune microenvironment (validated by IHC markers for macrophages and lymphocytes), and adjacent tissues (loose connective

tissue and vegetative blood vessels). The model demonstrates remarkable stability, confirmed by consistent genetic

mutation sites throughout cultivation via WES, and cell survival after five weeks in vitro via live-cell staining. Preliminary

pharmacological assessments show promising efficacy, with distinct responses to 1 μM metformin, 1 μM RU.521, or 1 μM

STING-IN-2 treatments for 48 h via mass spectrometry.

Conclusions: The AAA organoid model, to the best of our knowledge, is the first reported abdominal aortic aneurysm

PDO model, and signifies a promising step towards therapeutic treatment options for AAA, potentially complementing existing

surgical approaches.

Keywords: Abdominal aortic aneurysm, Organoid, Patient-derived organoid, Immune microenvironment, In vitro disease model, Cardiovascular disease

Introduction

Abdominal aortic aneurysm (AAA) is a critical
and prevalent vascular disorder characterized by the
abnormal enlargement of the abdominal aorta to more
than 3 cm in diameter, typically asymptomatic and

potentially leading to rupture and life-
threatening hemorrhage [1, 2]. The global impact
of AAA is substantial, contributing to over 1% of

all mortalities among men aged 65-85 in developed
countries [1]. A
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study of over  3   million individuals  revealed   that
patients aged 55 and above accounted for a significant
proportion (>95%) of AAA cases across various sizes
(3-6 cm)  [3]. A complex interplay of hereditary and
environmental risk factors contributes to AAA, most
notably older age, smoking, male sex, and a positive
family history [2, 4-8].

The pathological basis of AAA lies in the loss of
vascular structural integrity. This process includes the
degradation  of  the  extracellular matrix (ECM) and
apoptosis of vascular smooth muscle cells (VSMCs) [9,
10]. Inflammation and the infiltration of inflammatory 
cells are key factors contributing to the disease's
progression  through  the  release  of  reactive oxygen
species  (ROS), which induce oxidative stress within
the aortic wall [11-20]. Additionally, the secretion of
pro-inflammatory  cytokines  such  as  tumor  necrosis
factor-alpha (TNF-α) and interleukin-6 (IL-6) further
fuels inflammation and tissue damage. The action of
proteolytic         enzymes,         such         as         matrix
metalloproteinase-9        (MMP-9), secreted by
inflammatory cells, weakens the structural integrity of 
the     aortic     wall and accelerates aneurysmal
degeneration [11-13].

Current clinical management for high-risk AAA
is  primarily  surgical,  involving  endovascular  aortic
repair and open surgical repair [13, 14]. Despite the
prevalence of AAA, there is a significant lack of an
effective  model  and  no  pharmacological  treatments
with proven enough efficacy, highlighting the need
for a deeper understanding of the disease mechanisms 
and  the  development  of novel treatment strategies
[21, 22]. Human organoids, as innovative in  vitro
models,  emulate  the  intricate microenvironment of
human tissues and organs, offering a potential tool for
studying    organ    development, function,     disease
mechanisms, modeling and drug screening  [23,  24].
Furthermore, human organoids are recognized as an
ideal model in clinical and research settings for their
potential to bridge the gap between traditional in vitro 
models and   in vivo    systems, offering a more
physiologically relevant context for investigation [25].
Their ability to recapitulate tissue-specific architecture 
and   physiological   conditions   makes   organoids a
valuable tool for studying AAA pathogenesis and for
identifying potential therapeutics.

In this study, we present a novel organoid model
of AAA designed   to emulate the    in   vivo    3D
architecture     and     some functionalities     of     the
abdominal aorta, serving as a biological ex vivo
surrogate for drug testing and pathophysiological
investigation. Previously, AAA models were mostly
developed    from    traditional    animal    models    by

drug-induced vascular inflammatory responses
[26-29].    Efforts    to    develop    functional   vascular 
organoids   have involved    differentiating  induced
pluripotent stem cells into endothelial and vascular
wall cells. However, these models did not specifically
target AAA  [30, 31]. Some studies have utilized 3D
printing technology to create cystic dilation structures 
of   human   vascularized   tissue   to   simulate   AAA, 
mainly focusing on biomechanical properties like
hemodynamic effects on   vascular    dilation    [32].
Additionally, dispersing smooth muscle cells (SMCs)
from AAA patients onto electrospun
poly-lactide-co-glycolide scaffolds has been explored
for creating AAA models with certain mechanical and 
biological characteristics being demonstrated [33]. In
contrast,     our     culture system     encompasses     a
multifaceted microenvironment including elements of
the immune microenvironment, vasa    vasorum,
perivascular   connective    tissue and the model’s
morphological consistency,   preserved pathological
phenotypes and genomic steadiness are well retained. 
Early   pharmacological   testing on   the   model   has 
indicated   its   potential,   with   drug   response   data
providing preliminary but positive indications. This
makes  it  the  first  abdominal  aortic aneurysm  PDO 
model   in    the world. The    innovative   approach
provides a potentially useful tool for advancing our
understanding     of     AAA     pathophysiology     and 
facilitating the discovery of effective therapeutics.

Results

AAA PDO modeling and morphological

consistency

To  preserve  the  native  microenvironment  and
anatomical structure of AAA tissues, we developed a
method for generating AAA PDO without the need
for     enzymatic     dissociation     into     single cells.
Considering the substantial extracellular matrix of the
aortic  walls  and the limited proliferative capacity,
which poses challenges for enzymatic digestion and
risks   cell   death   with   prolonged   digestion   times,
enzymatic treatment was avoided. Furthermore, the
AAA PDO models were established without the use
of Matrigel or other biomaterials; they were cultured
in a special medium without constraints. For details,
AAA    specimens    were    collected    from patients
post-surgery.   Following   thoroughly   washing,   the 
specimens were trimmed into rectangles measuring
approximately  3-5  mm  on  each  side  using  surgical
scissors,  and subsequently transferred to a 10 cm
culture  dish  filled  with 20 mL of culture medium
(Figure 1A).

Theranostics 2025, Vol. 15, Issue 17

9030

https://www.thno.org

礼升生物已发表文章

https://www.thno.org/
https://www.thno.org/


Figure 1. Modeling and Growth of AAA PDO. (A) Anatomical location of AAA, from clinical tissue specimens to organoid culture. (B) Tissue sampling location images for Patient

01, comparing two culture methods: preserved layered structure and minced (bright-field microscopy and H&E staining). (C) Tissue sampling location images for Patient 02. (D)

Bright-field microscopy of the culture process for Patients 03-06. (E) Corresponding organoid size changes to Figure 1D, with size measurements completed using ImageJ.

Variable sample size n = 7-44 due to sampling during cultivation. Bright-field imaging Scale Bar = 5 mm, H&E staining Scale Bar = 500 μm. Data are represented as the mean ±SEM,

with individual data points displayed. Illustration and statistical analysis were performed using GraphPad 9.0.
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Regular sampling  was conducted to evaluate

morphological  changes.  Medical imaging data and
stereomicroscope observations, as well as bright-field
and hematoxylin & eosin  (H&E)  staining images of

samples with different culture durations from Patient
01   and   02,    are   demonstrated in    (Figure   1B-C).
Additionally, a series of bright-field images from PDO 

derived from Patient 03 to 06 across varying days in
culture are presented (Figure 1D). The size changes of
these PDO were statistically analyzed (Figure 1E). No

significant variations were observed throughout the
culture period. Altogether, the AAA PDO exhibited
no notable morphological changes under bright-field

microscopy, indicating that their structural integrity
was well maintained.

The PDO model preserved AAA pathological

phenotypes

To evaluate the similarity of AAA PDO to their
native  tissues,  we performed histological analyses.
The  H&E  staining  indicated  that  sampling of  fully
minced   organoid   was   non-systematic,   potentially 
resulting   in the acquisition of solely the loose
connective tissue of the adventitia, and its structure
appeared more dispersed relative to the intact tissue
(Figure 1B). In contrast, the "rectangular" PDO were
capable of preserving a dense, layered structure.
Consequently,   in   subsequent   culturing,   all   
tissue processing  ensured  the  preservation  of  the
layered structure, avoiding fragmentation.

Detailed H&E staining data are organized into
two  principal  sections (Figure  2A). The tissue and
organoid    samples     from    Patient     01, following
cryosectioning   and   staining   (Figure   2B),   retained 
similarities with the tissue post 30  days  in  culture,
exhibiting nuclei that were dispersed in a seemingly
random  pattern.  The  arrangement  of  the  media,  or 
luminal   region,    is denser and more uniformly
structured than that of the adventitia. Additionally,
loose    connective    tissues,    including    Perivascular
Adipose Tissue (PVAT) and vasa vasorum, adjacent to
the adventitia, are clearly discernible.

The tissue  and  organoid  samples  from Patient

07, following paraffin embedding, sectioning, staining
(Figure 2C), and high-resolution scanning, produced
results with enhanced clarity. The tissue morphology

remained consistent throughout the culture process,
with  no  notable  loss of cells, particularly vascular
smooth muscle cells, observed. According to the

quantitative analysis (Figure 2D), the mean number of
nuclei   exhibited   a   slight   decline   with   increasing
culture duration up to Day 20. Furthermore, the
adventitia, which is adjacent to loose connective

tissue, contained a significantly higher cell count
relative to the luminal side.

A   key   pathological   feature of AAA is the
degradation of the extracellular matrix    (ECM),
particularly characterized by the loss of elastic fibers,
contributing  to the risk of aneurysm dilation and
rupture. Hence, it is essential to ascertain whether the
culture system can preserve the native ECM structure
of the tissue. Elastic staining, using the Verhoeff-van
Gieson technique, was utilized (Figure S1A). The
staining of cryosectioned samples (Figure S1B)
demonstrated that elastic fibers in the tissue and PDO
with diverse culture durations consistently presented
a brief, filamentous (S-shaped) or truncated rod-like
morphology, without any significant loss, even after a
four-week culture period. By segmenting the stained
images   into    distinct regions  and   conducting    a
quantitative analysis to determine the proportion of
elastic fibers within the tissue, it was observed that the 
percentage  of  elastic fibers  showed  only  a  minimal
reduction, if   any,   over  extended   culture   periods
(Figure   S1C).    Consequently, the culture system
effectively      maintains      the      physiological      and 
pathological integrity of the elastic fibers.

The AAA PDO owned sustained

microenvironment

In     addition to ECM degradation, key
pathological    characteristics    of    AAA    encompass
extensive inflammatory infiltration by immune cells
and the degeneration of smooth muscle. The effective
preservation  of  the  immune  microenvironment  is  a 
critical  benchmark  for successful organoid culture,
thereby enhancing the comprehension of the disease
process   and facilitating    drug target    assessment.
Immunohistochemistry   (IHC)   is   a   technique   that 
effectively and conveniently  delineates  the immune
microenvironment. We  selected  a  panel  of  immune
cell markers, including CD3, CD38, CD45, CD68,
F4/80, and MMP-9 for testing. Additionally, α-actin
was  utilized to assess the capacity of the culture
system to preserve the native state of smooth muscle
in tissue (Figure 3A).

The  expression  profiles of CD3, CD38, CD45,
CD68, F4/80, MMP-9, and α-actin in both tissue and

PDO are demonstrated, with specific staining for
these markers showing moderate attenuation as the
organoid  culture  period  extends  (Figure  3B,  Figure

S2). For a quantitative assessment of these results, the
tissue  sections  were  manually  segmented into  four
distinct  areas,  ensuring  minimal  overlap  and  blank 
space, with both maintained below 20%. Subsequent

quantitative  analysis was  conducted using  the  IHC
profiler plugin in ImageJ, scoring the positive areas.
Statistical analysis reveals no significant differences in 

the expression of CD3, CD45, CD68, MMP-9, F4/80
and α-actin between tissues and PDO across various

Theranostics 2025, Vol. 15, Issue 17

9032

https://www.thno.org

礼升生物已发表文章

https://www.thno.org/
https://www.thno.org/


Figure 2. H&E Staining of AAA PDO. (A) Schematic diagram of the staining process and anatomical illustration of abdominal aortic tissue. (B) Cryosection H&E staining images

from Patient 01. Scale Bar = 200 μm. ChP = Cholesterol Plaque (C) Paraffin section H&E staining images from Patient 07. Scale Bar = 100 μm (D) Quantitative analysis based on

Figure 2C. Using ImageJ to calculate the number of cell nuclei per unit area (n = 6 ROIs). The Tunica intima & media area and the Tunica adventitia & adjacent tissue area were

analyzed separately. Data are represented as the mean ±SEM. Illustration and statistical analysis were performed using GraphPad 9.0.

culture time points   (Figure 3C). However,   CD38
showed significant variation due to uneven

distribution at different time points, as determined by
one-way  ANOVA analysis.  From an overall trend

perspective, the expression of the aforementioned

markers in organoid cultures remains relatively stable 
within the first 12 days.
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Figure 3. Characterization of Microenvironment in AAA PDO via Immunohistochemistry (IHC). (A) Schematic representation of the vascular immune microenvironment, along

with the cells corresponding to various marker. DC = Dendritic Cell, NK = Natural Killer, MΦ  = Macrophage, VSMC = Vascular Smooth Muscle Cell, PVAT = Perivascular

Adipose Tissue. Created with BioRender.com and Adobe PhotoShop 2024. (B) IHC images of related markers. scale bar = 50 μm. (C) Quantitative analysis of IHC images:

Original data were divided into four approximate equal parts with minimal overlap and blank space (< 20%). The ImageJ IHC profiler plugin was utilized to score the percentage 

of positive areas. The scores for high positive, positive, and low positive areas were multiplied by factors of 3, 2, and 1, respectively, and then summed. Data are represented as

the mean ±SEM. Illustration and statistical analysis were performed using GraphPad 9.0.
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The genomic steadiness of AAA organoid

Through   WES,    we   confirmed    the genomic
stability  of AAA organoids, showing high genetic
similarity    to    source    tissues     (Figure    4A).    
The concordance in mutation profiles between tissue
and organoid samples was notably high, exceeding
95% (Figure   4B). The proportions    of   insertions    
and deletions (InDels)       and        single 
nucleotide polymorphisms    (SNPs)    were highly     
consistent, further confirming the genetic stability of
our culture system (Figure 4C).

Cross-sample analysis revealed many shared
mutation sites. We identified 108 risk genes frequently 
mutated in AAA patients from literatures [34-38], 28
of which were confirmed by our samples, including
notably recurrent genes such as ADAMTS8, CELSR2,
CHRNA3, DAB2IP, GDF7, MYH7, and TTN (Figure
4D). The specific mutations are shown in Figure 4E.

WES also detected numerous previously
unreported high-frequency mutation sites, enhancing
our understanding of AAA's genetic basis. We found
496   mutated   genes   present   in   both   tissues and
organoids across all six patients. Some of these genes
are strongly associated with cardiovascular diseases,
such as the MUC family, COL18A1, and TNXB.
Various    mutation    types    and    frequencies were 
observed within these genes (Figure 4E). Within each
patient-matched   sample   group,   the   variant   allele
frequency between matched tissue and organoid was
highly concordant (Figure  4F), indicating that the
organoid  model  did  not  markedly  alter  the  overall
mutation burden within the analyzed exome.

The organoid viability maintenance during

cultivation

Maintaining viability over a specified duration is 
a critical criterion for the successful establishment of
AAA organoid models and essential for their
subsequent application in drug testing. Following the
initial    development    of the models, the PDO
maintained roughly 50% of their initial viability after
approximately 12 days in culture.

This         study         utilized  two         
distinct fluorescence-based   assays for the
assessment    of viability (Figure  5A).  The
alamarBlue™ HS assay, employing   a non-
fluorescent blue   dye,   offers   an alternative 
approach. The dye is directly incorporated into  the  
culture medium and subjected to a 20 h
incubation period, during which it is converted to a
strong red fluorescent product by viable cells. Owing
to its low toxicity, this assay facilitates the continuous
monitoring of viability changes within the same
sample over time. PDO derived from Patient 05 were

concurrently tested for viability using this assay
(Figure 5B), exhibiting an average viability decline to
50% of the initial state after approximately 12 days of
culture.

The Calcein AM/PI assay entails the direct
fluorescent staining of viable cells, characterized by
green fluorescence, in contrast to non-viable cells that
exhibit red fluorescence. The staining patterns of
fragmented PDO derived from two individual
patients at multiple culture time points are illustrated
in   (Figure   5C-D).   PDO  derived   from   Patient   01 
exhibited   sustained   robust   viability   even   after   5 
weeks,   characterized    by   intense    punctate   green
fluorescence upon enzymatic dissociation, signifying
the presence of metabolically active cells.
Nonetheless,   the   samples   from   the   fourth week 
demonstrated a modest decrease in viability relative
to the fifth week,  possibly  attributable  to  sampling
variability, batch effects, or human error. The AAA
PDO   derived from Patient 07 underwent more
frequent sampling and staining, initially showing
high viability on Day 1  and 3, which subsequently
gradually   declined,   as   confirmed   by   quantitative 
analysis (Figure 5E). In addition, Calcein AM/PI
staining effectively demonstrates the culture system's
ability to maintain complex tissue structure including
loose connective tissue, as seen in the green
fluorescent stained vaso vasorum and the adipose
tissue in (Figure 5F).

Organoid responses to drug treatments

The preliminary evaluation of pharmacological
interventions   within    our AAA organoid model
showcased its great potential as a therapeutic tool and
approach    for     AAA treatment. Following the
validation  of  the stability of this organoid culture
system, we commenced pharmacological treatment of
AAA PDO derived from samples of Patient 10 on the
third day of cultivation with 1 μM RU.521 (RU), 1 μM
STING-IN-2  (ST), accompanied by a solvent control
and another control of 1 μM metformin (Met), which
has the potential for the treatment of AAA [22, 39, 40].
After 48 h of incubation, the supernatants were
subjected to mass spectrometry analysis. Conversely,
the bright-field images were captured on days 0, 2, 7
and   14 post-treatments (Figure 6A). Bright-field
imaging (Figure 6B) shows that after 14 days of drug
treatment,  the AAA PDO   did  not   exhibit  notable
morphological changes. In the PCA analysis (Figure
6C), samples within each group were closely
clustered, with distinct differences observed between
the   drug-treated   groups and   the control group,
indicating satisfactory sample quality.
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Figure 4. WES Analysis Confirming Genomic Stability. (A) Venn diagram of mutations in tissue and corresponding organoids, highlighting commonalities and differences. (B)

Coincidence rate derived from Figure 4A. (C) Proportional distribution of InDels and point mutations. (D) Venn diagram comparing high-frequency mutations found in this study

to those reported in literature. (E) Overview of gene mutation types, with the upper section depicting literature-consistent mutations and the lower section listing high-risk

mutation genes detected, not clearly reported but associated with cardiovascular diseases. *MUC family including MUC1/2/3A/4/5AC/6/12/16/19/20/21/22. (F) Correlation of

mutation frequencies between tissue and organoids samples. Pearson r values are ≥ 0.75 for all within-patient pairs, indicating strong concordance. TI = Tissue, OG = Organoids,

W = week (organoid culture duration), P = patient.
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Figure 5. Viability Assessment of AAA PDO. (A) Schematic diagrams of fluorescence-based viability assays. (B) Results of the alamarBlue™ HS assay. Fluorescence units, after

background subtraction, were normalized to the values from the initial test (Day 1-2) to calculate the fold change. Data are represented as the mean ±SEM. Illustration was

created with GraphPad 9.0. (C, D) Results of the Calcein AM/PI assay for fragmented AAA PDO. Green fluorescence indicates live cells, red fluorescence signifies dead or dying

cells. Scale bar = 200 μm. (E) Quantitative analysis of the images from Figure 6C. Images were converted to 8-bit grayscale in ImageJ, and the mean fluorescence intensity of red

and green channels was measured after applied a constant threshold, respectively. Subsequently, the ratio of green to red fluorescence intensity was calculated, and then

normalized to the arithmetic mean of values on Day 1. Data are represented as the mean ±SEM, with individual data points displayed. Illustrationwas created with GraphPad 9.0.

(F) Fluorescent stained perivascular connective tissue from AAA organoid fragments. BF = Bright-field image; FLU = Merged red/green fluorescence image after Calcein AM/PI
staining. Scale bar = 200 μm.
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In comparison to the control groups, each drug
treatment group displayed a number of proteins with
markedly distinct expression profiles. A comparative

analysis of the supernatants from each drug treatment 
group versus the control group is    presented,
highlighting      proteins      that      are      upregulated,
downregulated,   or    show   consistent    presence   or 

absence,   respectively   (Figure   6D-E).   Moreover,   a 
clustered heatmap of the proteins significantly
upregulated or downregulated is provided, allowing

for the determination of their distribution, differences,

and  clustering  relationships (Figure  6F). The Venn
diagram and Volcano plot (Figure 6G-H) illustrate the
proteins that are significantly upregulated or newly
emerged and downregulated or lost in different drug
treatment     groups     compared to     the      control,
highlighting both commonalities and differences. This 
suggests that  different  drug  treatments  could  show
similar effects on the expression of certain proteins.
Furthermore, the impact of the RU.521 on the protein
expression  pattern is noticeably more pronounced
than that of the other two drugs.

Figure 6. Drug Test in AAA PDO. (A) Schematic representation of the drug treatment process, with subsequent bright-field imaging and analysis of supernatants by mass

spectrometry. (B) Bright-field images captured on days 0, 2, 7, and 14. (C) 3D PCA plot of the four test groups. (D) Number of differentially expressed proteins, with emphasis
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characteristic   of   AAA.   We   have established the
stability of this culture system through the following
criteria: Throughout a month-long cultivation period,
the PDO maintained sustained integrity, exhibiting no
signs of degradation or morphological changes. The
cellular  and  ECM  phenotype  was confirmed  using
H&E and elastic staining, and the preservation of the
immune      microenvironment      along      with      the
morphology  of  smooth muscle cells  was validated
through immunohistochemistry.

On  the other hand, the genome of PDO has
proven to be remarkably stable, showing no aberrant
mutations introduced by in vitro cultivation, thereby
validating the model's reliability and highlighting its
suitability for drug exposure studies. In the present
study,  the  samples were sourced exclusively from
elderly male patients with a documented history of
chronic  smoking,  within  the  age  range  of  61  to  73
years.   Although    this    demographic represents    a 
principal group at risk for AAA, additional risk
factors encompass    familial     genetic     conditions,
hypertension,   hyperlipidemia,   and   atherosclerosis.
Notably, a smoking history, male gender, advanced
age, and genetic predisposition are recognized as
significant  risk  factors  [53]. Consequently, genomic
analysis    is considered to    be     of   considerable
importance in this context. We have compiled a
comprehensive list of 108 genes from extant literature
that  are  correlated  with  a high  risk  of  mutation  in 
AAA [34-38]. A substantial overlap was noted among
28 of these genes identified in our whole-exome
sequencing (WES)  analysis of  tissue and organoid
samples from six individuals. Prominent amongthese
overlapping genes are growth differentiation factor 7
(GDF-7) [34], a disintegrin and metalloproteinase with
thrombospondin  type   1  motif   8 (ADAMTS8) [35],
cadherin EGF LAG seven-pass G-type receptor 2
(CELSR2)  [36],  Disabled homolog 2 (DAB2IP) [37],
cholinergic receptor nicotinic alpha 3 (CHRNA3) [34],
titin (TTN)  [38], and myosin heavy chain 7  (MYH7)

[38],  among  others.  Additionally,  we  identified  496 
mutated genes across all tissue and organoid samples, 
including    those    associated with cardiovascular
diseases, such as mucin MUC family members  [54],
collagen    type   XVIII    alpha    1    (COL18A1)     [55], 
ADAMTS7 [56], tenascin XB (TNXB) [57], fibronectin
type III domain containing 1 (FNDC1) [58], and lysine
demethylase 6B (KDM6B, also known as JMJD3) [59].
The   majority   of   these genes displayed multiple
mutations,     indicating     a      sophisticated     genetic 
landscape in the etiology of AAA.  This

Discussion

The   development of AAA organoid model
represents   a   significant   advancement   in   vascular
disease research,  offering  a  physiologically relevant
platform  for  AAA studies. Our innovative model,
engineered         to         replicate the intricate
microenvironment of AAA, has undergone validation
for multifaceted stability and has exhibited promising
efficacy in initial pharmacological assessments.

Currently,  the  predominant  focus of  organoid
research    is     on   tumor-derived     organoids [41].
Subsequently, considerable interest lies in organoids
induced by stem cells and those derived from somatic
cells  or  tissues  with  proliferative  potential  [42,  43]. 
Numerous    diseases     including AAA encounter
limitations in developing ex vivo models due to their
restricted proliferative capacity and the complexity of
their   pathology    [44]. The   prevalent    method of
investigation is  currently  animal-based,  exemplified
by the use of murine models of AAA. However, they
are labor-intensive, expensive, and may not
accurately reflect the pathophysiological mechanisms
observed in humans [25]. Furthermore, the disparity
between promising preclinical results and the absence 
of corresponding success in clinical trials may indicate
inherent limitations in the current models   for
aneurysm disease representation [21]. Hence, there is
a   pressing    demand for the    development   of    a
dependable human-derived in vitro AAA model.

At  present,  the primary method for organoid
cultivation involves enzymatic dissociation into single 
cells, subsequent encapsulation with Matrigel [45], or
the application of technologies such as microfluidics
or the air-liquid interface  (ALI) culture system  [46].
Our cultivation system is notably innovative, offering
convenience by allowing unrestricted cultivation in a
standard culture dish using a specialized culture
medium, thereby eliminating the requirement for
enzymatic dissociation [47], or Matrigel [48, 49]. This
organoid    cultivation    approach,    by significantly
retaining        tissue        characteristics        and the 
microenvironment, provides a more precise reflection
of the authentic physiological and pathological states
in vivo [48-50].

The      progression      of AAA disease is
predominantly driven by inflammation, extracellular
matrix (ECM) degradation, and apoptosis of vascular
smooth muscle cells (VSMCs) [51, 52]. Employing this
culture system, the AAA PDO have demonstrated the
structural        and pathophysiological features

on up- and downregulation. (E) Number of differentially expressed proteins, emphasizing consistent presence and absence across samples. (F) Heatmap of differentially expressed

proteins post-hierarchical clustering, highlighting up- and downregulation. (G, H) Venn diagram and Volcano Plot illustrating the proteins significantly upregulated/emerged and

downregulated/lost in different drug treatment groups compared to the control, highlighting commonalities and differences. (H) NC = negative control (solvent control 0.01%

DMSO), Met = Metformin (1 μM, with 0.01% DMSO), RU = RU.521 (1 μM, with 0.01% DMSO), ST = STING-IN-2 (1 μM, with 0.01% DMSO); FC = fold change.
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comprehensive genetic    analysis    highlights the
potential for a refined comprehension of the disease
and could facilitate the development of targeted
therapeutic strategies.

Preliminary    drug    testing using    our    AAA 
organoid model has produced encouraging outcomes,
indicating   its   potential   for identifying candidate
therapeutic  agents.  In  this  study, we  evaluated  the
effects of RU.521 and STING-IN-2, utilizing
metformin as a positive control. Metformin, a member 
of the biguanide class, is well-known for its
glucose-lowering effect with high safety. In addition
to  its  action on glucose metabolism, the drug has
demonstrated  effects  on the  circulatory  system  and 
has shown participation in other biological pathways,
including   ECM    remodeling,   VSMC    homeostasis, 
oxidative   stress response, and anti-inflammatory
activity   [22]. It   has also been associated with a
reduced risk of AAA development [22, 40]. RU.521 is
a       small-molecule        inhibitor       targeting        
the cGAS/STING/NF-κB             pathway,           
exerting anti-inflammatory effects [60]. Research 
indicates that it selectively suppresses cGAS-
mediated signaling, leading to reduced
interferon     expression in macrophages  within  
rodent models  [61].  Likewise, STING-IN-2  is  a
selective covalent small molecule inhibitor   that   
has   been   validated   for its   potent inhibitory
activity against the stimulator of interferon genes
(STING)     protein,      resulting attenuated STING-
mediated  inflammatory  cytokine production in both 
human and murine cells [62].

Proteomic   analysis   of   the supernatant   from
organoid cultures following drug treatment indicated
that this organoid model could elicit distinct or
partially  overlapping  responses to different drugs.
Interpreting from a molecular perspective (Figure
6F-G),   the   expression   of   fibulin-2   (FBLN-2) was
notably upregulated in groups treated with
metformin or RU.521. FBLN-2 directs the assembly of
elastic fibers and is responsible for the maintenance of
the vessel wall post-injury  [63]. The upregulation of
collagen type XII α1 chain (COL12A1) may contribute
to the remodeling of ECM   [64]. Decorin   (DCN),
another   ECM   protein,    regulates   ECM assembly,
fibrillogenesis, and biological processes, including
acting as a transforming growth factor-β regulator [65,
66]. The upregulated expression
of lipopolysaccharide-binding protein    (LBP) in
the RU.521- and   STING-IN-2-treated   groups   may   
be associated with lipid    droplet   homeostasis    
and resistance to oxidative stress [67].
Thrombospondin-1 and -2 (THBS-1 and -2), uniquely
upregulated in the RU.521-treated   group,   are   
implicated   in   vascular development, function, and 
exhibit anti-inflammatory activities [68].    
Angiogenin     (ANG), related to

angiogenesis    and     ribonucleolytic     activity, was 
uniquely upregulated in the metformin-treated group
[69]. Zyxin (ZYX), a cytoskeletal and focal adhesion
scaffold-related protein, modulates angiogenesis and
cytoskeleton enlargement, was uniquely upregulated
in    the    STING-IN-2-treated    group    [70].    Certain
proteins,  absent in the control group, emerged in
drug-treated groups; for instance, agrin   (AGRN),
which is involved in  the neuromuscular junction,
inflammatory suppression and angiogenesis [71, 72],
as well as cyclin-dependent kinase 16 (CDK16), which
is regulated by the AMPK pathway and implicated in 
autophagy [73]. Conversely, several  proteins were
significantly downregulated in the drug-treated
groups. For example, destrin (DSTN), desmin (DES),
fascin (FSCN1), Ras-related protein Rab-7a (RAB7A),
glutamine synthetase (GLUL) and multiple ribosomal
subunits  were  markedly  downregulated  in at least
two drug treated groups. Destrin and  desmin have
been   identified as   potential factors   involved   in
aneurysm  formation  [74-76]. Fascin,  which plays a
role in the cross-linking of actin filaments [77], could
potentially  affect  vascular  smooth muscle  cells  and 
influence  the  integrity and  function of the arterial
wall. Rab-7a, involved in endocytosis and autophagy,
regulates the phenotypic transformation and behavior
of vascular smooth muscle cells in human aortic
dissection [78]. Glutamine synthetase is implicated in
angiogenesis, serving functions beyond glutamine
synthesis [79].  Furthermore,  the cell division cycle
protein  (CDC42)  was  specifically downregulated  in
the   group   treated   with   RU.521.   This protein is
associated with the recruitment and activation of
immune cells   [80, 81], potentially contributing to
inflammation in AAA. Upon comparison of the list of
significantly altered protein expressions with public
databases, LBP, DEX, ZYX, THBS-1, and CDC42 were
identified as proteins related to immune pathways.
Although   the   underlying   mechanisms   necessitate 
additional   clarification,   these    significant   findings 
underscore the organoid culture system's potential for
drug screening and other applications.

Despite   our   promising results,   the   study   is
accompanied by     several limitations. Due to
difficulties  in sample collection, our subjects  were
exclusively elderly male smokers. Ideally, our sample
pool should encompass a more diverse demographic,
including      individuals      with      familial      
genetic predispositions   associated with AAA
and other relevant factors, as well as those without
any known risk factors. In the future, we aspire to
enhance our biobank  to  incorporate  a  broader  
range  of  samples [82].  Data  obtained  from viability  
assays  indicate  a progressive    decline    in    
organoid    viability over extended culture periods.
Consequently, we opted to
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conduct drug testing at an earlier stage, specifically
within    the    initial    week of cultivation.    
While accelerated   cultivation    and    drug   response    
may enhance research efficiency, future refinements
must prioritize the maintenance of viability over 
prolonged periods,    and    culture methodologies    
should be standardized. For instance, to preserve
the stratified structure of the vascular wall,
efforts should be directed toward reducing the size
of individual PDO to achieve greater uniformity.
This approach would facilitate      improved
material exchange and metabolism, enhance 
utilization rates, and potentially increase the sample
size. In the PCA analysis, a small number of
proteins with different expression levels were  
derived  solely  from  the  supernatant, limiting
further pathway studies. In the future, we intend to
optimize  our  experimental  design  to  attain  a  more 
effective and reproducible PCA.

Further      research       should      consider       the
incorporation of more complex systems, such as
Organoids-on-a-Chip [83], entailing the arrangement
of the aortic wall's diverse structural layers, including
perivascular adipose tissue   (PVAT)   and thrombi,
within distinct      compartments.       Alternatively,
microfluidic technology could be utilized to replicate
blood   flow   and   implement   vacuum   or pressure 
changes to emulate blood pressure    [84]. Such
advanced      models      could      provide a more
physiologically   relevant   context   for  studying   the 
behavior of organoids and their responses to
pharmacological treatments.

Conclusion

In    conclusion,    our    AAA    organoid    model
encapsulates   a   notable   progression in the field,
providing an innovative platform for the investigation
of  AAA  pathophysiology and evaluating potential 
treatments. Characterized by its capacity to replicate
key   disease   characteristics   and  maintain   stability
throughout an elongated timeframe, this model will
be well-suited for pharmaceutical screening. As an ex
vivo surrogate of the human body, it offers a unique
opportunity  to study the intricacies of AAA in a
controlled in vitro microenvironment. As we further
refine this model for extended applications, it is
poised to augment our comprehension of AAA and
contribute  to  the  discovery of effective therapeutic
strategies.

Experimental Section/Methods

Sample preparation

Aortic tissue specimens were obtained from 11

AAA patients (ages 61 to 73 years, mean age 67.2 ±3.3

years, Table 1) who underwent resection of AAA with

Sample processing and organoid culture

The   tissue   specimens were    immersed   in   a
washing buffer (LSTO01200201; Shanghai LiSheng
Biotech,  China)  to  preliminarily  remove blood and
then transferred to a 50 mL centrifuge tube (430829;
Corning, USA) for three rounds of washing with the
same buffer. Each round involved the addition of 5
mL of washing buffer and gentle agitation to rinse the
tissue surface, followed by a 3 min wait. After
removing the supernatant from the final round, the
tissue blocks were then transferred to a 10 cm culture
dish (430167; Corning, USA). The tissue blocks were
sectioned into   rectangles    with    sides measuring
approximately  3-5  mm using surgical scissors and
then transferred to a new 10 cm culture dish. A small
portion of the tissue was reserved for sectioning and
pathological   staining,   while   another   portion   was
retained for whole exome sequencing. Finally, 20 mL
of    culture medium was added to the dish
(LSTO01200403; Shanghai LiSheng Biotech, China)
and the cultures were maintained at 37 ℃, 5% CO2.

Throughout   the   organoid   cultivation,   partial

prosthetic   graft   replacement at Jiangmen   Central
Hospital, Guangdong Province, China. Samples were
stored   in   a   sterile   vessel   without   tissue   
storage solution and transported to Shanghai LiSheng 
Biotech (Shanghai, China) within 24 h. The clinical
samples were obtained in accordance with the
ethical guidelines  of  Jiangmen  Central Hospital
and were granted institutional ethics approval with 
the number 2024-77   A.   All   procedures   performed   
in   studies involving human participants were in
accordance with the ethical standards of the
institutional and/or national   research   committee
and with the 1964 Helsinki Declaration and  its   
later amendments or comparable ethical standards.
Informed consent was obtained from all individual
participants included in the study.

Table 1. Collection of patient information

Patient

No.

Gender Age Others

P01 Male 68 Smoking history 30 years

P02 Male 66 Smoking history > 30 years

P03 Male 66 Smoking history > 30 years

P04 Male 66 Smoking history 30 years; Coronary heart disease

P05 Male 73 Smoking history 50 years; Hypertension 20 years

P06 Male 61 N.A.

P07 Male 64 Smoking history 20 years; Coronary heart disease;

Hypertension

P08 Male 67 Smoking history > 30 years; Hypertension

P09 Male 67 N.A.

P10 Male 73 Smoking history 30 years; Coronary heart disease;

Hypertension

P11 Male 68 Smoking history > 40 years; Hypertension > 20 years
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medium  replenishment  is  essential, typically every
5-7    days or based on the medium's visual
characteristics,   including color and turbidity, to
maintain  the  required nutrient levels for organoid
metabolism.   The    technique    for   partial  medium 
exchange involves tilting the culture dish to facilitate
the removal of 8-10 mL of the old medium from the
upper layer using a serological pipette. Then, 10-12
mL of freshly prepared medium was added, with an
additional 1-2 mL of medium also considered to
compensate  for  potential  volume  reduction due to
evaporation during the cultivation.

PDO size calculation and analysis

The PDO were routinely imaged, and their sizes
were quantified using ImageJ. Using a dissecting
microscope with a relatively broad field of view
(YZ38; Shanghai YueHe Biotech, China), the area of
each organoid was calculated to track changes in size
over   time. Considering the limited proliferative
capacity of AAA PDO, which is a distinction from the
classic "spheroid" organoids, their shape, determined
by the tissue processing technique, was often
polygonal or rectangular. Consequently, the area
analysis   was   conducted   in   ImageJ   by manually
tracing the organoid's perimeter.

Whole exome sequencing (WES)

For each sample,  200 ng  genomic  DNA was
fragmented   to   150-200   bp   to   construct libraries.

Subsequently, the whole exome was captured using
AIExome® Human  Exome  Panel  V3  and  TargetSeq
One® Hyb & Wash Kit v2.0   (iGeneTech  Co., Ltd,

Beijing, China) and sequenced on DNBSEQ-T7 with
150-bp reads.

Fixation, embedding and sectioning

Routine  collection  of samples was performed,
followed  by  immersion  in  a  PBS  solution  with  4% 
paraformaldehyde (PFA)  (BL539A; Biosharp,  China)
for  48  h fixation. Subsequently, the samples were
subjected to a gradient dehydration process using a
PBS solution with sucrose at concentrations of 10%,
20%, and 30%  (A15583.0E; Thermo Fisher Scientific,
USA) for   1 h, 2 h,   and   overnight,   respectively.
Following   encapsulation   of   the   organoids in an
optimal cutting temperature compound (Tissue-Tek®
O.C.T. Compound, 4583; Sakura Finetek, Japan), the
samples   were    immediately    immersed    in   liquid 
nitrogen      to form embedding blocks for
cryosectioning. The embedding blocks were then
subjected to cryosection at -20 °C (Cryostat CM1950;
Leica, Germany), with sections cut perpendicular to
the vessel's lumen to expose the stratified layers of the 
aortic  wall.  Alternatively,  a  subset  of samples was

processed for paraffin embedding and sectioning.
Once the fixation reagent was removed, the samples
were enveloped in 2% molten agarose. After cooling
and solidification, the regions containing the samples
were excised, and the specimens were subjected to a
dehydration  (TP1020;  Leica,  Germany)  and paraffin
infiltration series as follows: 75% ethanol for 4 h, 85%
ethanol for 2 h, 90% ethanol for 2 h, 95% ethanol for 1
h,  100%  ethanol  for  30  min  (repeated  three  times),
xylene for 5-10 min (twice), and 65 °C molten paraffin
for 1 h (three times). Subsequently, the samples were
embedded using an embedding machine (KD-BM IV;
KEDEE, China), and the paraffin blocks were trimmed 
to  a   size  conducive to sectioning   (RM2016;  Leica,
Germany) after cooling at -20 °C.

H & E staining

Cryosectioned slides were fixed with 4% PFA in
PBS for 10 min and subsequently rinsed in water. The
slides were then stained with Hematoxylin and Eosin
(H&E) (C0105S; Beyotime, China), beginning with a
10   min   application   of   hematoxylin, followed   by 
rinsing in water for 10   min. The   sections were
differentiated using acid alcohol (C0163M; Beyotime,
China) for 5 s. Following this, the slides were rinsed
again in water for  10 min  and counterstained with
eosin   for   30 s to visualize the cytoplasm and
extracellular   matrix.   The   slides   were   dehydrated 
through a  graded alcohol  series and mounted with
neutral balsam (Type D, G8593; Solarbio, China).
Examination of the stained slides was performed
using a standard microscope (YI21; Shanghai YueHe
Biotech, China). On the other hand, paraffin sections
necessitate an additional deparaffinization procedure
prior   to    staining. The slides were sequentially
immersed  in  the  following  solutions: xylene  for  20
min (twice), 100% ethanol for 5 min (twice), and 75%
ethanol for 5 min, rinse in water. After staining, the
sections were dehydrated  with   100% ethanol and
clarified with xylene for 5 min. Following this, the
slides   were mounted with neutral balsam and
prepared for scanning (KF-DPS-120; Kfbio, China).

For quantitative analysis based on H&E staining,
ImageJ was utilized, and the ratios were calculated as
the  number  of cell nuclei per area of the section.
Images      were processed using the Color
Deconvolution   plugin   in ImageJ with the H&E
Vectors to separate Hematoxylin-stained components.
Subsequently,   a   threshold   of 1-180   was   applied, 
fine-tuning as necessary to clearly display cell nuclei
without severe overlap and minimal background
noise.    Anatomically     corresponding  Regions     of
Interest (ROIs)  were   selected; six  non-overlapping
ROIs were selected in total, each measuring 600 μm2

in size. Application of the Analyze Particles function
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was  then  made to each ROI with a size range of
5-Infinity  μm2 for  counting.  For  statistical  analysis, 
GraphPad  9.0  software  was  employed,  and  a  t-test
was performed to compare tissue to PDO.

Verhoeff-van Gieson elastic staining

Cryosectioned  slides were fixed  in 4%  PFA in
PBS for 10 min, then rinsed in water for 10 min. The
slides were subsequently stained with a mixture of 5% 
alcoholic hematoxylin    (HE-013-100mL;    BIOISCO,
China),    10%    ferric    chloride (Iron(III)    chloride,
anhydrous,  A600454-0500; Sangon   Biotech, China),
and Lugol’s Iodine Solution (MM1049-100mL; MKBio, 
China) in a 1:1:0.5 ratio for 15 min. Following a 1 min
rinse  in  water, slides were differentiated with 2%
ferric chloride, then rinsed again for 1 min. Then, the
slides were    soaked    in 5% sodium    thiosulfate
(217263-5G; Sigma-Aldrich, USA), rinsed in water for
1 min, and soaked in Van Gieson’s Stain (MM1032;
MKBio, China) for 30 s. After staining, the slides were
dehydrated  through a series of 100% alcohol and
mounted   using   neutral   balsam.   The slides   were
examined using a standard microscope.

Quantitative     analysis     was    performed     to
determine the ratio of elastic fiber staining to tissue
area. The deep purple areas, corresponding to elastic
fibers, were identified using the Color Deconvolution
plugin in ImageJ (with the Vector set to H&E 2). ROIs
containing    elastic     fibers, excluding cholesterol
plaques, were delineated into 4 to 6 sections. A
uniform threshold ranging from 1 to 200 was applied
to calculate the area percentage of elastic fibers in ROI.

Immunohistochemistry (IHC)

For IHC analysis, paraffin-embedded slides (3-4
μm thick) were immunostained for CD3, CD38, CD45,
CD68, MMP-9, F4/80 and α-actin. Deparaffinized
sections were treated with a peroxidase-blocking
solution for 10 min to quench endogenous peroxidase
activity. Following rinses with PBS, the slides were
immersed  in  pre-heated  1 mmol  Tris-EDTA buffer
(pH   9.0) for    15   min,    then incubated    at   room
temperature (RT) for   an additional 15 min. After
washing with PBS, the slides were incubated with 5%
BSA for 20 min to block non-specific binding. Primary
antibodies   were   applied   and   incubated   at   4   °C 
overnight.     After     PBS     rinses,     HRP-conjugated 
secondary  antibodies  (WAS12011;  World  Advanced
Science,  China)  were  applied for 30 min at 37 °C.
Following PBS rinses, the slides were incubated with
3,3'-Diaminobenzidine     (DAB)     solution     (BP0770; 
DAKO,     Denmark) and monitored under a
microscope. Slides were then rinsed, counterstained
with  hematoxylin  for  30  s at RT, dehydrated, and
mounted     with     neutral     balsam     for    scanning

(KF-DPS-120; Kfbio, China).

The original image data were divided into four
approximately equal parts with minimal overlap and
blank space, each accounting for less than 20%. Using
the  ImageJ IHC  profiler plugin, the percentage of
positively stained areas was quantified. Scores from
high positive, positive, and low positive areas were
multiplied by factors of 3, 2, and 1, respectively, and
summed for analysis.

Live-cell staining and imaging

PDO were rinsed twice using pre-warmed  (37
°C)  PBS  and  subsequently  fragmented with spring
scissors.  In  accordance with the standard protocol
outlined in the Calcein/PI Cell Viability/Cytotoxicity
Assay  Kit (C2015M;  Beyotime, China), the minced
organoid fragments were stained using a shaker at 37
°C and 90 rpm for 45 min. After rinsing twice with
pre-warmed  (37 °C) PBS, an appropriate amount of
antifading mounting medium (S2100; Solarbio, China)
was added, followed by transferring the fragments to
a    96-well    plate    (CHIMNEY    WELL,    µCLEAR®, 
WHITE, CELLSTAR®, REF 655098; Greiner Bio-One,
Germany), with a 50 μL aliquot of the suspension per
well.  The  organoid  fragments  were  then  examined 
under a   fluorescence    microscope    (DMi8;    Leica,
Germany).

Alternatively, the initial step can be
accomplished using an enzymatic cocktail to  digest
the extracellular matrix, thereby releasing individual
cells  and  potentially enhancing staining outcomes.
The digestion mixture comprises Collagenase Type I
(5%, 150 mg/mL) (17100-017; Gibco, USA), DNase I
(1%,   10   mg/mL)   (A510099-0001;   Sangon   Biotech, 
China), Elastase (1%, 200 U/mL) (abs47014929; Absin,
China),  and  Hyaluronidase  (0.4%, 2 mg/mL), each
dissolved in Trypsin (0.25%, 15050057; Gibco, USA).
The PDO were incubated with this mixture for 1 h,
rinsed twice with PBS, and then centrifuged at 500x g
to pellet the cells before proceeding with the staining
procedure.

The image data were converted to 8-bit grayscale 
in ImageJ, followed by background subtraction with a 
rolling ball radius of 50 and thresholding set between
10 and 128. Measurements were taken for the mean
fluorescence intensity of both the red and green
channels. The ratio of green to red fluorescence
intensity was then calculated. These values were
normalized to the arithmetic mean of the green/red
fluorescence intensity on Day 1 to determine the fold
change.

Organoid viability: alamarBlueTM assay

Following the protocol of the alamarBlue™ HS

Cell  Viability  Reagent (Invitrogen  A50100; Thermo
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Statistical analysis

Data were collected from at least three replicates, 
and quantitative  results   are expressed as mean ±

standard deviation. Statistical analysis was conducted 

using   GraphPad   Prism version    9.0.0   (GraphPad

Software, USA). Student’s t-test was applied for
pairwise comparisons to determine significance. For

comparisons involving more than two groups,

one-way ANOVA was employed. A p-value less than

0.05 was considered statistically significant. Statistical
significance is indicated as: *p < 0.05, **p < 0.01, and

***p   <   0.001.   Error   bars   represent the standard

deviation of the mean.

Supplementary Material

Supplementary methods and figures.
https://www.thno.org/v15p9029s1.pdf
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