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Abstract

Background Patient-derived organoids (PDOs) represent a promising approach for replicating the characteristics

of original tumors and facilitating drug testing for personalized treatments across diverse cancer types. However, clini-
cal evidence regarding their application to esophageal cancer remains limited. This study aims to evaluate the efficacy
of implementing PDOs in clinical practice to benefit patients with esophageal squamous cell carcinoma (ESCQ).

Methods Fresh surgical biopsies were obtained from patients with esophageal cancer for the establishment of PDOs.
These PDOs were subsequently characterized through histological analysis. A customized drug panel, based on stand-
ard-of-care chemotherapy regimens, was applied to the PDOs. The resulting drug sensitivity profiles were then cor-
related with the clinical responses observed in individual patients undergoing actual treatment.

Results A total of 34 PDOs were successfully established with a 61.8% success rate. The classification method based
on chemotherapy sensitivity closely corresponded to clinical responses. The paclitaxel plus cisplatin (TP)-sensitive
group demonstrated significantly longer progression-free survival (PFS) compared to the resistant groups, Hazard
ratio (HR), 5.12; 95% confidence intervals (Cl 0.58-44.71; p < 0.05), thus illustrating the potential of this approach

for guiding personalized treatment strategies.

Conclusion Organoid biobanks were established across multiple institutes to facilitate PDOs-based functional
precision medicine. The findings demonstrate that this framework offers robust predictive value in clinical settings,
enhances precision therapeutics, and advances drug discovery for esophageal cancer.
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Esophageal carcinoma (EC) poses a significant threat
to public health due to its increasing incidence and
inconspicuous symptoms, which often result in late
diagnosis and poor prognosis [1]. The conventional
standard-of-care treatment forEC involves surgical
resection combined with chemotherapy [2-4]. How-
ever, nearly 60% of patients fail to benefit from these
treatments due to tumor heterogeneity, therapeutic
resistance, and substantial side effects [5-7]. Moreo-
ver, the growing number of available chemotherapy
drugs has made it increasingly challenging for clini-
cians to select optimal regimens based solely on clinical
expertise and patient values. Esophageal adenocarci-
noma (EAC) and esophageal squamous cell carcinoma
(ESCC) are the two primary pathological types of EC
[8]. In the past decade, targeted therapies for advanced

been limited and offer minimal benefits, while pro-
gress in ESCC has been virtually non-existent [9].
Consequently, current precision medicine strategies
for EC remain inadequate, underscoring the need for
improved preclinical models to contribute to effective
treatments and facilitate personalized therapy.
Numerous studies have focused on identifying signifi-
cant biomarkers for predicting clinical prognosis, how-
ever, reliable preclinical models for evaluating patient
responses to chemotherapeutic and targeted agents are
lacking [6, 10, 11]. Recently, patient-derived organoids
(PDOs) have emerged as a promising tool in precision
medicine, with significant potential for modeling patient-
specific responses to treatments. Unlike two-dimensional
cell lines that grow as flat monolayers, PDOs are cul-
tured in a three-dimensional structure, more accurately
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simulating the self-organization and cellular interactions
of the tumor microenvironment [12, 13]. Moreover, in
contrast to the extended tumorigenic processes required
for genetically engineered mouse models and patient-
derived xenografts (PDXs), organoids can be generated
directly from primary tissue within a reasonable time-
frame [14]. PDOs also recapitulate the genetic and mor-
phological characteristics of the parental tumors with a
high success rate and enable long-term expansion [15—
17]. These advantages have been demonstrated in various
primary tumors, including liver [18], pancreas [19], breast
[20], colorectal cancer [21], and other solid tumors. The
fidelity of PDOs makes them highly valuable for predict-
ing patient-specific therapy responses and personalizing
treatment strategies. However, research on esophageal
cancer organoids, particularly esophageal squamous cell
carcinoma organoids (ESCOs), remains limited, with
scarce clinical evidence and a lack of comprehensive
studies on their tissue characteristics. The advancement
of esophageal organoids provides significant molecular
and mechanistic insights into diverse physiological and
pathological dynamics, driving progress in furthering
translational research and personalized medicine [22,
23]. A recent study by Li et al. developed a panel of EAC
organoids that accurately recapitulate the characteristics
of primary tumors, including their morphology, genomic
profiles, and transcriptomic landscape, this study dem-
onstrated the feasibility of moderate throughput drug
screening to identify new therapeutic targets, indicating
that EAC organoids serve as a powerful tool for studying
clonal evolution and offer a valuable preclinical platform
for developing precision therapeutics. PDOs are valuable
for evaluating treatment effectiveness in a preclinical set-
ting [14]. In ESCC, Kijima’s laboratory successfully estab-
lished and characterized PDOs, emphasizing their utility
in investigating tumor heterogeneity, generating drug-
response assays, and uncovering mechanisms of drug
resistance [22, 24]. Advancements in ESCOs hold sig-
nificant promises for overcoming treatment challenges in
esophageal cancer, paving the way for more effective pre-
cision medicine strategies to combat this deadly disease.
However, further research is necessary to conduct com-
prehensive profiling and assess the application of in-vitro
drug testing in ESCC. To bridge these gaps,, we estab-
lished a robust protocol for generating primary ESCOs
culture from multiple centers, developed a standardized
drug testing platform utilizing organoids, and initiated
a retrospective clinical study to evaluate the potential of
PDOs as predictive biomarkers for chemotherapeutic
sensitivity in ESCC patients. Our case studies demon-
strated that the drug responses observed in PDOs closely
align with the clinical response of patients, highlighting
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the significant potential of this approach to advance pre-
cision medicine in esophageal cancer.

Materials and methods

Participant selection and study design

Adults (age >18 years) with histologically and radiologi-
cally confirmed esophageal cancer were enrolled in the
study based on clinical and radiologic evidence. The pri-
mary objective was to establish efficient culture methods
for PDOs suitable for drug testing and to evaluate their
potential in correlating patient outcomes with standard-
of-care treatments for translational research. Figure 1
illustrates the study design flowchart. Esophageal cancer
specimens were primarily obtained from patients under-
going surgical resection or endoscopic biopsy at Nan-
jing Drum Tower Hospital, Beijing Cancer Hospital, and
Jiangsu Hospital of Traditional Chinese Medicine. The
Institutional Ethics Committees approved all tissue dona-
tions and experiments (Approval number: 2021-237-02).
Two independent pathologists confirmed the histological
characteristics of the samples. Following surgical tumor
resection, patients received clinically verified standard-
of-care chemotherapy regimens based on physician’s
empirical choice. Comprehensive clinical characteristics
were obtained and recorded using data collection forms
from the hospitals’ internal electronic medical records
system. Clinical responses were assessed using RECIST
1.1 criteria [25]. In some instances, comprehensive clini-
cal data were unavailable due to loss of follow-up or
patients’ unwillingness to accept the suggested adjuvant
therapy. Participant enrollment occurred from Septem-
ber 2021 to August 2022.

Patient material processing and generation of organoids

Patient specimens were washed with Hanks’ Balanced
Salt Solution (HBSS, Sigma) and minced into 1-2 mm?
pieces using sterile scissors. The tissue underwent enzy-
matic digestion at 37 °C for 30 min with 1 mg/mL col-
lagenase type II (Worthington), 1 mg/mL collagenase
type IV (Worthington), 0.1 mg/mL DNase I (Wor-
thington), and 100 U/mL penicillin—streptomycin (Life
Technologies). The resulting fragments suspension was
filtered through a 70-um strainer, and undigested frag-
ments were subjected to an additional 20 min of diges-
tion before being re-filtered. The isolated cell suspension
was resuspended in 70% ice-cold Matrigel (354,234,
Corning). After 10 min, the solidified Matrigel were then
supplemented with ESCOs culturing media: Advanced
DMEM/F12 (Gibco) was supplemented with 10 mM
HEPES (Gibco), 1 X GlutaMAX (Gibco), 100 U/mL peni-
cillin-streptomycin (Gibco), 1xB27 (Gibco), 1xN2
(Gibco), 50 ng/mL EGF (Novoprotein), 10 ng/mL FGE-
10 (Novoprotein), 100 ng/mL Noggin (Novoprotein),
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Fig. 1 Graphical abstract of study design. Fresh ESCC specimens were obtained from patients and processed following the outlined methodology.
Standard-of-care drug testing was conducted on PDOs, and the results were analyzed in correlation with the clinical responses observed

in individual patients

250 nM A83-01 (Beyotime), 10 uM SB202190 (Beyo-
time), 100 ng/mL Wnt3a (Novoprotein), 100 ng/mL
R-spondin 1 (Novoprotein), 1 mM N-Acetylcysteine
(Sigma), and 10 pM Y-27632 (Beyotime). Organoids
were incubated at 37 °C in 5% CO,, with the medium
changed every 2-3 days. For passaging, organoids were
split every 1-2 weeks at a ratio of 1:2 or 1:3. Organoids
were collected and digested with TrypLE Express (Gibco)
at 37 °C for 5-10 min, then washed with Advanced
DMEM/F12 and resuspended in Matrigel, supplemented
with organoid culture medium. Organoid quantification
was conducted using bright-field imaging with an IX73
microscope (Olympus, Tokyo, Japan).

Histology and immunohistochemistry

Surgical resection tissues were fixed in 10% formalin
overnight and embedded in paraffin blocks after dehy-
dration. Confluent organoids were collected, rinsed

with ice-cold PBS to dissolve the Matrigel, and fixed
in 10% formalin for 1 h. The organoids were then set-
tled by gravity and embedded in paraffin. All sample
blocks were sectioned into 3-pum-thick slides, followed
by dewaxing, rehydration, and standard hematoxylin
and eosin (H&E) staining. For immunohistochemistry
(IHC) staining, paraffin slides underwent deparaffini-
zation and rehydration, then were incubated with pri-
mary antibodies specific to p53 (1:100, clone D-O7,
ZSGB-Bio, ZM-0408), CK5/6 (1:100, clone OTI1C?7,
ZSGB-Bio, ZM-0313), SOX-2 (1:100, EP103, ZSGB-Bio,
ZA-0571), and KLF5 (1:200, Invitrogen, PA5-27,876)
at 4 °C overnight. Subsequently, sections were washed
and incubated with secondary antibody at room tem-
perature for 1 h, with negative controls applied to all
samples. The slides were scanned and imaged using a
microscope (Nikon, Eclipse CI, Japan). The immuno-
reactivity of the slides was assessed independently by
two senior pathologists who were blinded to this study.
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QuPath software was utilized for digital pathology and
image analysis.

Drug screening assays

Drug testing was conducted with modifications to accom-
modate the 384-well format, as previously validated [26].
The primary organoids in good condition were collected
and dissociated into single cells by incubating in TrypLE
(Gibco) for 10 min. The single cells resuspended in the
organoid culture medium with 5% Matrigel, and approxi-
mately 2000 cells were seeded per well of 384-well plates
(Thermo Fisher Scientific, 242,764). They were cultured
for 3 days to allow cell recovery before drug treatment.
Eight concentration points with fourfold dilutions were
set for each single drug or drug combination and dis-
pensed using liquid-handling robots, with each concen-
tration tested in triplicate. The starting concentrations
for the monotherapy treatments were 100 pM for cispl-
atin (DDP), 100 uM for5-fluorouracil (5-FU), 5 uM for
paclitaxel, and 5 pM for vinorelbine. For combination
therapy, paclitaxel and cisplatin (TP) treatments, vinorel-
bine and cisplatin (NP) treatments, and 5-fluorouracil
plus cisplatin (FP) treatments were assayed in triplicate
drug matrices. The starting concentrations were the same
as those used in the monotherapy treatments. Similarly,
for FOLFIRINOX (FFX) treatment, each component
began at a concentration of 100 uM. DMSO at 0.5% (v/v)
served as the negative (vehicle) control. Cell viability was
assayed using Cell Counting-Lite 3D Luminescent Cell
Viability Assay (Vazyme) following 5 days of drug treat-
ment. Luminescent detection of cell viability was per-
formed after 25 min of incubation with the cells at room
temperature. In-vitro responses were evaluated using
dose—response curves for single agents and drug com-
binations. IC50 and AUC (area under the curve) values
were determined using Origin 2022 and GraphPad Prism
8.0. Normalized AUC values were calculated by divid-
ing the AUC of each compound by the maximum AUC
observed within the measured concentration range.

Quantification and statistical analysis

Statistical analyses for each dataset are detailed in
the corresponding figure legends. Clinical data were
extracted and managed from individual electronic health
records. Group comparisons were conducted using the
chi-squared test (or Fisher’s exact test when appropri-
ate) for categorical variables and the student’s t-test for
continuous variables. Tumor response was assessed
according to RECIST guidelines (version 1.1) [25]. Data
analyses were performed using Origin 2022 (Origin-
Lab Corporation, USA) employing nonlinear regression
(curve fit). Progression-free survival (PES) differences
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were evaluated using Kaplan—Meier survival curves and
the log-rank test with GraphPad Prism 8. p values<0.05
were considered statistically significant.

Results

Patient demographics and tumor characteristics

This study involved 55 human samples from individual
patients with confirmed pathological ESCC diagnoses for
PDO generation. Fifty specimens were obtained through
surgical resection from Nanjing Drum Tower Hospital
and Peking University Cancer Hospital, while five sam-
ples were isolated from endoscopy biopsies at Jiangsu
Chinese Medicine Hospital (Supplementary Table S1).
Figure 2A presents a consort diagram illustrating the
sample distribution. Baseline characteristics included
patient demographics, tumor location, histological clas-
sification, cancer stage, and primary treatment. All sam-
ples were derived from primary tumors without distant
metastasis at collection time, classified as ESCC, with
a median patient age of 64 years. 14 tumors (46.67%)
were moderately differentiated, and 27 tumors (90%)
were located in the middle or lower esophagus, aligning
with EC epidemiology [27]. Four organoids generated
from esophagogastroscopy biopsy were associated with
patients who were lost to follow-up. Of the 26 patients
who underwent surgery, 14 received subsequent adju-
vant chemotherapy, including six who underwent neo-
adjuvant chemotherapy, indicating tissue acquisition in
a post-neoadjuvant condition. Among these, one patient
developed a low platelet count after two cycles of pacli-
taxel combined with platinum treatment, prevent-
ing the continuation of subsequent regimens. Another
patient received S-1 (Taiho Pharmaceutical Co., Ltd), an
oral fluoropyrimidine, as adjuvant therapy but was lost to
follow-up three months post-surgery [28].

Generation and histological characterization of ESCOs

Fresh ESCC tissue samples were obtained from
esophagectomy or esophagogastroscopy biopsy and
seeded into an esophageal cancer organoid culturing
medium as described in the methods section. The study
design is illustrated in Fig. 2B. Organoids were culti-
vated in a Matrigel-supported growth medium to facili-
tate expansion. As shown in Fig. 2A, 17 cases failed to
initiate a culture due to insufficient tumor cells or lack
of expansion beyond passage two, while four organoids
experienced bacterial contamination during cultivation.
Overall, we achieved a~62% PDO culture success rate
(34 of 55 cultures) throughout the study, aligning with
previous reports on gastrointestinal cancers [6, 29]. For
4 organoids, the clinical response of the correspond-
ing patients was not evaluable due to a short follow-up
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period. Ultimately, drug testing was conducted on the
remaining 30 organoid lines, with the patient’s demo-
graphic and clinicopathological characteristics respec-
tively detailed in Table 1 and Supplementary Table S2.
Among the 30 drug assay reports, 24 organoids were
derived from chemotherapy-naive tumors, while 6 were
derived from chemotherapy-treated tumors.

We subsequently evaluated the histological profiles of
the primary tissue and corresponding ESCOs to demon-
strate their heterogeneous growth states (Fig. 3). Despite
their diverse morphologies, the comparison revealed that
the ESCOs replicated notable similarities to the matched
original tumors in histopathological features. The charac-
teristic solid and compact structures of the organoids are
evident in both bright-field and H&E staining, reflecting
a cohesive cellular arrangement that mimics key architec-
tural features of stratified squamous epithelium (Fig. 3A)
[14, 23]. Immunohistochemical staining of the organoids
and their corresponding tumor tissue also revealed com-
parable expression levels of the ESCC-specific mark-
ers. As observed, CK5/6 is predominantly expressed in
keratinizing squamous epithelium, as well as glandular
epithelial cells, the consistent expression of CK5/6 in
ESCOs supports their fidelity to the tissue of origin [30,
31].p53 is a tumor suppressor gene whose mutations
lead to uncontrolled tumorigenesis, p53 expression is
observed in approximately 50-90% of ESCC patients and
serves as a prognostic marker [32]. Regarding p53 sta-
tus in our study, the ESCOs reflect the tissue prevalence.
Notably, in ESCC17, p53 expression was positive in the

basal layer of the tissue, but less pronounced in the can-
cerous region of the tissue, in line with the lower expres-
sion observed in organoids derived particularly from
tumor tissue. Consistently, the expression of the tumor
differentiation marker KLF5 was comparable between the
tumor tissue and PDOs. KLF5 is a transcription factor
present in proliferating cells of the gastrointestinal tract,
including the esophagus, and is implicated in epithelial
homeostasis and tumor progression [33, 34]. Similarly,
the sex-determining region Y-box 2 (SOX2) is another
key marker involved in the initiation and progression of
ESCC [35]. SOX2 is a well-known transcription factor
active in embryonic and pluripotent stem cells, essen-
tial for maintaining squamous cell lineage, and is asso-
ciated with ESCC carcinogenesis and stemness [35-37].
The expression of SOX2 in our study further substanti-
ates its alignment with the corresponding histopatho-
logical specimens. Interestingly, in ESCO55, SOX2 was
positive in the tissue but not in the organoids, suggest-
ing that specific characteristics, such as stem cell renewal
capacity, may be diminished during the passage process.
Despite this, PDOs remain reliable models for recapitu-
lating the primary characteristics of the original tissue.
It is important to acknowledge, however, that PDOs may
not fully replicate all aspects of the tissue, as certain fea-
tures can be altered to varying degrees due to passage-
induced changes, microenvironmental differences, and
technical limitations inherent to the culture system.
Additionally, in ESCO52, the specimen consisted of
moderately differentiated squamous cell carcinoma cells,
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Table 1 The clinicopathological characteristics of 30 ESCC
patients

Characteristics Groups NO.(%)
Total Cases 55
Drug testing performed 30
Sample source
Surgery 26 (86.67%)
Biopsy 4 (13.33%)
Gender
Male 28 (93.33%)
Female 2 (%)
Age of diagnosis
Median (Range) 64 (48-78)
Pathologic initial stage
| 3 (10%)
Il 10 (33.33%)
Il 13 (43.33%)
NA 4
Tumor location
Upper 3(3.33%)
Middle 10 (33.33%)
Lower 17(56.67%)
Pathological diagnosis
ESCC 30 (100%)
Tumor grade
Grade 1 4(13.33%)
Grade 2 14 (46.67%)
Grade 3 12 (40%)
Post-surgical treatments
Chemotherapy 14 (46.67%)
Surgery alone 16 (53.33%)

displaying overexpression of CK5/6, p53, and KLF5, with
low expression of SOX2. The matched organoid similarly
exhibited expression of these markers (Fig. 3B). Collec-
tively, these findings strongly confirmed that the orga-
noids faithfully preserved the histological organization
and morphological heterogeneity of the original tumors.

Drug assay of conventional chemotherapeutics in ESCOs

To evaluate the applicability of PDO lines in assessing
personalized chemotherapeutic responses, therapeutic
profiling was conducted on 30 ESCOs using four com-
monly employed standard-of-care chemotherapeutic
agents: single-agent cisplatin (DDP) and combination
therapies—paclitaxel plus cisplatin (TP), vinorelbine
plus cisplatin (NP), and 5-fluorouracil plus cisplatin
(FP). Each group underwent screening for cell viability,
with ESCO response quantified and analyzed through
dose-response curves and AUC. The AUC values
were normalized by dividing each group’s value by its
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maximum, with the detailed normalized AUC data pro-
vided in Supplementary Table S3. The ESCOs profiling
revealed significant variability in response to both sin-
gle and combination chemotherapeutic agents among
individual patients (Fig. 4A). Violin plots illustrate the
distribution of AUC values, highlighting a spectrum of
resistance and sensitivity across the samples (Fig. 4B).
Using DDP as a representative drug, individual IC50 and
95% CI from dose-response testing demonstrated that
ESCOs exhibit distinct chemotherapeutic response pro-
files to varying doses of cisplatin (Fig. 4C). The in vitro
chemosensitivity of ESCOs to DDP and the combina-
tion therapies TP, NP, and FP are presented as standard-
ized AUC values (Fig. 4D). The 10 representative ESCOs
described in this study are dispersed throughout the
whole group, indicating that they represent a range of
sensitivity and resistance. Consequently, ESCOs serve as
valuable tools for drug response assays, reflecting diverse
responses to various conventional chemotherapeutics.
Several ESCOs were also treated with FOLFIRINOX
(FFX), partially shown in Fig. 5E. To further elucidate
the correlation between ESCO sensitivity results and
clinical outcomes, the assays were divided into three
subgroups based on the AUC values for each chemo-
therapeutic agent: the ESCOs with their AUC ranked the
top 33% were regarded as the least responsive (resistant
ESCOs), those with their AUC ranked the lowest 33% as
the most responsive (sensitive ESCOs), and those with
their AUC ranked the middle 34% AUC as moderately
sensitive ESCOs. Among the 30 ESCOs subjected to drug
tests, 14 patients received chemotherapy, with detailed
AUC values, sensitivities, and corresponding patient
responses presented in Table 2. These data suggested that
most patients (12/14, 85.71%) in this study were treated
with TP, drug assays of conventional chemotherapeutics
revealed distinct responses in ESCOs. A comparison of
PDOs drug responses and patient outcomes would sug-
gest that certain patients might benefit from alternative
treatment strategies tailored to the unique sensitivities of
their tumor-derived organoids, highlighting the potential
of PDOs to guide precision oncology.

ESCOs represent chemotherapy response and clinical
prognosis of ESCC patients

To assess the clinical viability of utilizing PDOs plat-
form for ESCC patients, we analyzed retrospective clini-
cal data and compared the pharmacotyping outcomes
of ESCOs with the corresponding patients’ clinical
responses. Among the 30 ESCOs, 14 were from patients
who received chemotherapy: 6 were from patients who
underwent neoadjuvant chemotherapy, and 8 were
from patients who received adjuvant chemotherapy,
with follow-up periods ranging from 2.8 to 22.4 months
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Fig. 3 A Bright-field images of ESCO52 at 10 xand 20 x magnification; Time-lapse imaging of ESCO55 growth in 3D Matrigel at Days 4, 6,and 13,
respectively. Bright-field images and HE-stained sections of ESCOs forming solid morphology. Scale bar, 200 um. B. Representative H&E and IHC
staining of CK5/6 (Cytokeratin 5/6), P53, KLF5, SOX2 in primary ESCC tissues and organoids. Scale bar, 200 um
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Fig. 4 Drug Assay of Conventional Chemotherapeutics Reveals Distinct Responses in ESCOs. A A heatmap illustrates the responses of 30

ESCOs to compounds including cisplatin (DDP), paclitaxel plus cisplatin (TP), vinorelbine plus cisplatin (NP), and 5- fluorouracil plus cisplatin
(FP). Normalized AUCs represent chemosensitivity responses, with colors ranging from red (low scores, indicating “sensitive”) to blue (high
scores, indicating “resistant”). B A violin plot presents the normalized AUC values derived from raw dose-response data for the four distinct
chemotherapies. C The drug profiling distribution for ESCOs (left axis label) demonstrates the IC50 values and 95% Cl from dose-response
testing with cisplatin (DDP). D Drug profiling distribution of 10 representative ESCOs, showing dose-response testing against DDP, TP, NP, and FP,

respectively

(Table 2). PFS is defined as the duration from initial treat-
ment until signs of disease progression appear. The treat-
ment responses of ESCC patients classified by clinicians
as having a partial response (PR) or stable disease (SD)
for more than one year were categorized as indicating a
good response (chemotherapy-sensitive). Conversely,
patients with progressive disease (PD), including tumor
recurrence, metastasis, or disease progression within
1 year were classified as having a poor response (chem-
otherapy-resistant) as illustrated in Fig. 5A. Despite 2
patients being lost to follow-up, 9 out of the remaining
12 patients who underwent chemotherapy were classi-
fied as having a good clinical response, while the other
3 were classified as having a poor response. In the drug
assay performed on the ESCOs, the organoids exhibited
distinct responses to various chemotherapy regimens
(Fig. 5A). As most patients received the TP regimen, we
observed that 9 ESCOs demonstrated sensitivity to TP,
consistent with their clinical outcomes. However, 2 stage
III patients, who were expected to benefit clinically based
on their PDO drug assays, exhibited progressive disease,
indicating a lack of correlation with the ESCO responses.
Lastly, one patient (ESCO25), who experienced rapid dis-
ease progression while on paclitaxel plus cisplatin, had
an organoid that displayed resistance to TP. In total, 10
out of 12 (83.33%) ESCC patients exhibited consistency

in drug response results with those observed in their
derived PDOs. Furthermore, we compared the PES of the
two groups of patients based on their sensitivity to the TP
regimen. The patients whose ESCOs were sensitive to TP
in our assay exhibited significantly higher PFS, suggesting
that in vitro sensitivity of ESCOs to TP is associated with
a longer clinical response of the corresponding patients.
The hazard ratio (HR) was 5.12 (95% CI10.58-44.71, log-
rank test, P<0.05; Fig. 5B). The median timeframe for
obtaining drug assay results was approximately 3 weeks,
with a range from 2 to 8 weeks, aligning with the typi-
cal timeframe for clinical treatment decisions, which are
generally made 2 to 3 months after the last treatment to
evaluate alternative options. PDO-based drug testing can
thus serve as a stratification tool to identify optimal ther-
apeutic combinations for individual patients.

Case report

We closely monitored the disease progression of three
patients from whom we derived ESCOs, categorized as
sensitive (ESCO10 and ESCO13) or resistant (ESCO25)
to their respective treatments. As depicted in Fig. 5C,
Patient ESCO10, diagnosed with ESCC, underwent
cycles of paclitaxel plus platinum during neoadjuvant
chemotherapy, achieving a confirmed PR with a reduc-
tion in primary tumor size after 2 months of treatment.
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was monitored throughout the entire follow-up period. TP: Paclitaxel plus cisplatin; ITP: Immune thrombocytopenia; SD: Stable disease; PD:

Progressive disease

The patient subsequently underwent surgery and con-
tinued TP treatment postoperatively, maintaining
stable disease for over one year through adjuvant chem-
otherapy. To assess whether PDO profiling reflected the
patient’s response to chemotherapy, we conducted a
drug assay on the ESCOs, revealing distinct sensitivities
among various regimens. The AUC of TP ranked high-
est (AUC=0.64), indicating that ESCO10 was responsive,
aligning with the observed clinical response. A compara-
ble drug response and consistent clinical outcome were
also observed in patient ESCO13 (AUC=0.59). Regard-
ing the resistant case ESCO25 (AUC=0.78), the patient
was diagnosed with ESCC (pT3N2MO, stage IIIB) with
perigastric lymph node metastasis, as confirmed by the

postoperative pathology report. The patient received
adjuvant TP treatment at a local hospital and subse-
quently underwent adjuvant radiotherapy. Progressive
lymph node metastasis was detected 6 months post-sur-
gery, consistent with the resistant response observed in
the ESCO (AUC=0.78). Consequently, the drug response
of the PDOs demonstrated both sensitivity and resistance
characteristics of their associated tumors Fig. 5D. This
preclinical model shows potential value in guiding the
selection of appropriate clinical chemotherapy regimens,
potentially helping patients avoid ineffective treatments.
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Discussion

EC is an aggressive malignancy with an urgent need for
clinical advancements to improve patient outcomes. The
ongoing areas of significant interest include early detec-
tion and optimizing therapeutic strategies. Emerging
research utilizing PDOs aims to validate their sensitiv-
ity and specificity as predictive biomarkers for guiding
precision medicine, particularly in the context of adju-
vant chemotherapy and immunotherapy. This approach
has also been applied to other cancers, including liver,
breast, colon, pancreatic, and lung cancers [18-21, 38—
40]. In 2011, Sato first reported the successful derivation
of organoids from human Barrett’s epithelium, enabling
long-term expansion [41]. Subsequently, the applica-
tion of PDOs in EC has advanced significantly. Li estab-
lished a reliable EAC organoid biobank that accurately
replicated the phenotypic and molecular characteristics
of EAC, facilitating drug screening for novel therapeu-
tic strategies [14]. Concurrently, Kijima et al. developed
a robust system for culturing organoids from esophageal
and oropharyngeal squamous cell carcinoma patients
with high success rates, enabling therapy response evalu-
ation and exploration of underlying mechanisms [22].
However, despite these advancements, the variability in
organoid generation success rates across EC subtypes
and the complex influence of the tumor microenviron-
ment on drug responses highlights the consistent chal-
lenges in standardizing and broadening the use of PDOs
for precision medicine. Therefore, further insights into
the cellular origin and progression of EC using PDOs
hold promise, and studies optimizing drug panel testing
for ESCOs and validating these findings through clinical
trials are critical for advancing precision medicine and
improving therapeutic outcomes.

ESCC accounts for approximately 90% of all EC cases,
with particularly high prevalence in Asia and parts of
Africa [42]. To advance the feasibility of ESCOs-based
approaches, this study presents several novel findings
from a multi-institution randomized, retrospective clini-
cal study. First, we established ESCOs with a moderate
success rate, demonstrating their ability to recapitulate
the morphological heterogeneity and histological char-
acteristics of the matched original tumor tissue across
various differentiation statuses and pathological types.
Subsequently, we implemented a robust PDOs drug
screening platform, utilizing a reliable biobank to assess
multi-regimen drug sensitivity, which revealed differen-
tial responses of PDOs to conventional chemotherapeu-
tic agents. Furthermore, we corrected real-world clinical
outcomes with in vitro drug screening data, indicat-
ing high consistency and supporting the integration of
translational organoid technologies with personalized
therapy. Our approach enables organoid growth within
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a moderate timeframe, which is clinically relevant, con-
sidering that restaging scans are typically performed 2 to
3 months after initiating treatment and serve as criteria
for evaluating whether to continue current therapy or
switch to alternative treatment [43]. Collectively, these
findings support the rapid advancement and significant
potential of translating organoid technologies.

A comprehensive analysis of drug sensitivity profiles
in 30 ESCOs, evaluating both single and combination
regimens, revealed significant variability in organoid
responses to various chemotherapeutic treatments
and individual drug assays. Notably, a strong corre-
lation was observed between the responses in PDOs
and those reported in clinical settings. This correlation
aligns with recent retrospective data reported for other
cancer types in real-world studies [39, 43]. In contrast
to previous studies, this multi-center study introduces
a novel classification system using AUCs as the index
for assessing PDOs’ sensitivities to various treatment
regimens, aiming to predict clinical disease control
future enrollment of additional cases will enhance the
representativeness of this biobank. For chemotherapy-
sensitive organoids from a patient expected to respond
well to a specific regimen but with an unmatched clini-
cal response, a review of the patient’s entire inpatient
record revealed an inability to continue chemotherapy
cycles due to side effects. This indicates that even when
PDO-based drug assays demonstrate high sensitiv-
ity to chemotherapy, patients who cannot complete
treatment due to adverse effects may experience poor
clinical outcomes.This study has several limitations
and presents opportunities for future research. While
achieving high consistency between organoid drug
assays and clinical responses, each sampleoriginated
from individual patients during surgery or endoscopic
biopsy, including initial tumors and several post-NAT
tissues exposed to chemotherapy. However, the absence
of paired chemo-naive and post-chemotherapy samples
resulted in missed opportunities to collect materials
from the same patient at different disease stages for lon-
gitudinal organoid generation [43]. Cancer treatment is
a complex, multifaceted, and ongoing process [44]. The
variability in treatment effectiveness among patients is
intricate and associated with numerous factors, includ-
ing post-operative outcomes, combination therapies,
chemotherapy side effects, overall health conditions,
and tumor characteristics [45]. Although the chemo-
sensitivity of organoids may partially reflect the tumor’s
response at a specific time, it has limitations in captur-
ing tumor evolution and changes in overall drug treat-
ment response. Another challenge is the limited source
of tissue, all samples were acquired from patients
in suitable condition for surgical resection, which
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excludes tumor tissues from advanced stages and meta-
static sites, limiting the comprehensive of the biobank.
To address this, incorporating tissue from advanced
and metastatic tumors to generate a more representa-
tive biobank, along with more extensive genomic vali-
dation in future studies, would be valuable, particularly
for testing targeted drugs and determining patient eli-
gibility for precision clinical trials.It is noteworthy that
the success rate of ESCC organoid generation was lower
and requires enhancement compared to other can-
cer types, such as colorectal cancer, breast cancer, and
other adenocarcinoma cancers [12, 15, 38]. This dis-
parity and associated challenges potentially stem from
the inherent heterogeneity of squamous cell carcinoma
and its dependence on specific stromal interactions
and extracellular matrix components, which are chal-
lenging to replicate in standard organoid cultures [46].
Adenocarcinoma, originating from glandular structures
in epithelial tissue, typically exhibits more predictable
growth patterns, facilitating well-established organoid
culture protocols [41]. Sachdeva et al. reported devel-
oping reliable protocols to establish PDOs from EAC
with an 80% success rate, compared to their 60% suc-
cess rate in ESCC organoids generation [46]. While we
did not initially control the source of samples, due to
the prevalence of EC in our region, all samples included
in this study were diagnosed as ESCC through pro-
fessional histological analysis. Future studies should
incorporate various histological subtypes, as ongoing
technological advancements and refined cultural condi-
tions are expected to gradually mitigate the challenges
associated with organoid generation. In addition to
tumor organoids, the tumor microenvironment, com-
posed of stromal cells and inflammatory cells, plays a
crucial role in influencing tumor behavior and drug-
resistant mechanisms47. Co-culture models that gen-
erate patient-derived organoids in combination with
non-cancerous cells represent promising approaches to
better facilitate cellular repopulation and tissue regen-
eration, capturing the heterogeneous features of the
original tumor environment in vitro.

Conclusion

In summary, this study demonstrates that PDO-based
drug assays provide significant insights into the efficacy
of standard treatments for ESCC patients. The success-
ful generation of PDOs from a heterogeneous cohort of
ESCC patients within a clinically relevant timeframe
resulted in findings that strongly correlate with individual
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clinical outcomes and drug sensitivity profiles, highlight-
ing the potential of these models for addressing clinical
translational questions and providing thoughtful insights
into personalized treatment strategies
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