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Abstract

translational oncological research.

Gastric cancer (GC) is a prevalent digestive system tumor, the fifth most diagnosed cancer worldwide, and a
leading cause of cancer deaths. GC is distinguished by its pronounced heterogeneity and a dynamically evolving
tumor microenvironment (TME). The lack of accurate disease models complicates the understanding of its
mechanisms and impedes the discovery of novel drugs. A growing body of evidence suggests that GC organoids,
developed using organoid culture technology, preserve the genetic, phenotypic, and behavioral characteristics.
GC organoids hold significant potential for predicting treatment responses in individual patients. This review
provides a comprehensive overview of the current clinical treatment strategies for GC, as well as the history,
construction and clinical applications of organoids. The focus is on the role of organoids in simulating the TME to
explore mechanisms of immune evasion and intratumoral microbiota in GC, as well as their applications in guiding
clinical drug therapy and facilitating novel drug screening. Furthermore, we summarize the limitations of GC
organoid models and underscore the need for continued technological advancements to benefit both basic and
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Introduction

Gastric cancer (GC) is a common malignant tumor of
the digestive system, ranking as the fifth most frequently
diagnosed cancer worldwide and one of the leading
causes of cancer-related deaths [1]. According to 2022
data, new cases of GC exceeded 960,000, with nearly
660,000 deaths, ranking it fifth worldwide for both inci-
dence and mortality [2]. While treatment advancements
have prolonged disease-free survival for advanced GC
patients, overall survival (OS) improvements are still lim-
ited. Chemotherapy remains the standard treatment for
advanced GC, with commonly used drugs such as fluo-
ropyrimidines (e.g., 5-fluorouracil (5-FU), capecitabine,
and S-1), platinum compounds (e.g., cisplatin and oxali-
platin), docetaxel, and epirubicin [3-5]. Conventional
chemotherapy regimens for GC frequently adopt a “one-
size-fits-all” strategy, neglecting the variability in individ-
ual responses to treatment [6, 7]. With the advent of more
targeted therapies, such as the monoclonal antibody
trastuzumab targeting HER2, ramucirumab targeting
VEGE, zolbetuximab targeting Claudin 18.2 and immune
checkpoint inhibitors (ICIs) like PD-1 monoclonal anti-
bodies, the heterogeneity in individual drug responses
has become more evident, limiting OS outcomes for
patients with advanced GC [8, 9]. Consequently, tailor-
ing treatment strategies to the molecular characteristics
of tumors and the individual drug responses of patients
is essential for enhancing their prognosis. While high-
throughput sequencing data offers mutation details from
tumor tissues for precision medicine, it falls short in rep-
licating the complex in vivo microenvironment, hinder-
ing accurate predictions of patient treatment benefits.
Therefore, there is an urgent need for a preclinical model
that reflects the primary tumor’s genetics and evaluates
drug responses for precision therapy.

Organoids are a three-dimensional (3D) cell culture
system derived from embryonic stem cells (ESCs) or
induced pluripotent stem cells (iPSCs) or adult stem cells
(AdSCs) or progenitor or differentiated cells from normal
or tumor tissues [10—14]. In vitro, they form cell clusters
capable of self-assembly and self-renewal, maintaining
the genomic stability and tumor heterogeneity charac-
teristics of the original organ [15]. Organoids provide
valuable insights into organ development, disease mod-
eling, cancer progression, drug response, and personal-
ized treatments [16—18]. Compared to xenograft models,
organoid cultures require less time and tissue, are easier
to handle, and crucially tumor organoids reliably retain
the essential features of the primary tumor, even after
prolonged passaging [19, 20]. This review explores the
forefront of GC organoid research and its clinical impli-
cations, highlighting the transformative potential of
organoid technology in simulating the TME to forecast
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immunotherapy outcomes and tailor personalized treat-
ment approaches.

Gastric cancer: etiology, diagnosis and treatment
GC develops due to multifactorial influences, with key
risk factors including chronic gastritis caused by pro-
longed Helicobacter pylori infection and untreated gastric
ulcers, dietary factors (e.g., high salt intake, consumption
of smoked or pickled foods, and low intake of fresh fruits
and vegetables), life-style factors ( smoking, heavy alco-
hol consumption), as well as family history and genetic
predisposition [21]. GC symptoms are often subtle in the
early stages, leading many patients to initially present
with upper abdominal discomfort or pain, indigestion,
hematemesis, melena, or anemia. Consequently, diag-
nosis frequently occurs at advanced stages, significantly
reducing the likelihood of successful treatment. Current
treatment modalities for GC include surgery, chemother-
apy, radiotherapy, targeted therapy, and immunotherapy,
with the choice of treatment being primarily determined
by cancer stage and the patient’s overall health status.
Surgical resection remains the standard treatment for
early-stage GC, typically involving partial or total gas-
trectomy. Perioperative chemotherapy is mainly suitable
for locally advanced GC that can undergo radical resec-
tion based on preoperative evaluation. The basic mode of
neoadjuvant chemotherapy, radical surgery and postop-
erative adjuvant chemotherapy is of great significance in
improving the surgical cure rate and long-term survival
rate [22]. In advanced-stage GC, palliative chemotherapy
is commonly employed to reduce tumor size or alleviate
symptoms. The primary agents used are platinum-based
drugs (e.g., oxaliplatin, cisplatin) and fluoropyrimidine
based drugs (e.g., fluorouracil, capecitabine) [23].
Additionally, targeted therapies for various cancer
markers are available, including several key drugs. HER2,
as the first and most significant target for GC, has gained
global consensus for treatment. The Chinese Society of
Clinical Oncology (CSCO) guidelines recommend HER2
testing in GC patients, and if the result is HER2-positive,
trastuzumab in combination with chemotherapy is the
first-line treatment [23, 24]. VEGEF, a crucial factor pro-
moting tumor angiogenesis, is often upregulated in GC
cells to enhance tumor growth and metastasis. VEGF-
targeted drugs, such as apatinib and ramucirumab, work
by limiting tumor blood supply, thereby exerting anti-
tumor effects [25]. Numerous studies have shown their
efficacy either as primary drugs or adjuncts in the treat-
ment of various GC [26]. Overexpression of EGFR in
GC occurs in 50-63% of cases, with its expression level
positively correlating with tumor invasiveness and nega-
tively correlating with differentiation and survival time,
suggesting EGFR as a potential therapeutic target. How-
ever, clinical trials for anti-EGFR targeted drugs have not
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yielded satisfactory results [27, 28]. Recent studies have
highlighted Claudin 18.2 as a highly expressed marker in
several solid tumors, with up to 60% of patients showing
significant expression levels, far exceeding HER2 posi-
tivity rates [29, 30]. This has made it a promising target,
particularly for HER2-negative GC patients. A wealth of
clinical data supports the efficacy of related drugs, and in
October 2024, the Food and Drug Administration (FDA)
approved zolbetuximab for use in combination with flu-
oropyrimidine and platinum-based chemotherapy as a
first-line treatment for Claudin 18.2-positive, unresect-
able, advanced, or recurrent gastric or gastroesophageal
junction adenocarcinoma, offering new hope for GC
patients [9, 31].

However, targeted therapy is not a panacea. For
patients with advanced GC, drug resistance in targeted
therapy is an important clinical challenge, treatment
options become severely limited, resulting in a generally
poor prognosis. The five-year survival rate often falls
below 10% [32]. According to recent studies, several new
treatment strategies are being explored to address this
issue. Trastuzumab, the standard first-line targeted ther-
apy for HER2-positive GC, is currently facing significant
challenges due to acquired resistance in clinical practice.
Approximately 50% of patients develop acquired resis-
tance within one year of treatment, leading to a substan-
tial decline in therapeutic efficacy [33]. Researchers
primarily address this challenge by discovering new
third-line therapeutic drugs for HER2-positive advanced
GC and exploring the molecular mechanisms of trastu-
zumab resistance. Trastuzumab deruxtecan (T-DXd) is
an antibody-drug conjugate composed of a HER2-target-
ing antibody and a topoisomerase I inhibitor [34]. It effi-
ciently delivers the cytotoxic payload to HER2-expressing
tumor cells, enabling precision therapy. The Phase II clin-
ical trial DESTINY-Gastric06 demonstrated that T-DXd
exhibited clinically meaningful benefits in Chinese
patients with HER2-positive advanced GC who had
received at least two prior lines of anti-tumor therapy,
achieving a median OS of 12.4 months, thereby generat-
ing evidence to justify T-DXd’s use in this population
[35]. Supported by evidence from the DESTINY-Gas-
tric01-06 trial series, T-DXd was granted marketing
authorization by China National Medical Products
Administration on August 5, 2024, indicated for adult
patients with HER2-positive locally advanced or meta-
static gastric/gastroesophageal junction adenocarcinoma
following>2 prior treatment regimens [36-38]. This
approval provides a new third-line treatment option for
HER2-positive advanced GC patients in China. Mean-
while, numerous novel therapeutics are under active
development including bispecific antibodies and next-
generation antibody-drug conjugates which are expected
to further enhance treatment efficacy for HER2-positive
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GC [39]. Nevertheless, the molecular mechanisms under-
lying trastuzumab resistance remain poorly understood.
Elucidating these mechanisms and developing targeted
strategies to overcome resistance are crucial for improv-
ing clinical outcomes in HER2-positive GC patients.
Recent studies have revealed that prolonged trastuzumab
exposure induces chromatin remodeling, thereby activat-
ing transcriptional expression of the YAP gene. This gene
mediates adaptive drug resistance in tumor cells through
concurrent regulation of both AKT/mTOR and ERK/
mTOR signaling pathways. Notably, combined adminis-
tration of a YAP inhibitor significantly restores tumor cell
sensitivity to trastuzumab, providing novel therapeutic
insights for overcoming clinical resistance [40]. Another
study revealed that glycolysis in trastuzumab-resistant
HER2-positive GC exhibits circadian oscillations syn-
chronized with the BMAL1-CLOCK-PER1-HK2 axis.
Chronotherapy combining the HK2-targeted glycolytic
inhibitor metformin with trastuzumab effectively
reversed trastuzumab resistance. These findings intro-
duce circadian clock regulation into trastuzumab treat-
ment and propose a  potentially effective
chronotherapeutic strategy to overcome trastuzumab
resistance in GC [41]. In addition to cell-autonomous
mechanisms, remodeling of the TME also plays a critical
role in the development of drug resistance. Fu’s team elu-
cidated that HER2-positive GC cells activate the CCR2-
ZC3H12A-TRAF6/3 signaling cascade through CCL2
secretion, thereby suppressing M1 macrophage polariza-
tion and ultimately promoting drug resistance develop-
ment. To target this pathway, they developed an
anti-CD40-scFv-linked anti-HER2 bispecific antibody
that not only specifically binds HER2 but also locally acti-
vates M1-polarization of tumor-associated macrophages,
effectively overcoming resistance while avoiding systemic
immunotoxicity [42]. From a metabolic microenviron-
ment perspective, Shi Min team demonstrated that drug-
resistant cells exhibit hyperactive glutamate metabolism
concomitant with significant upregulation of GLS1
expression. Tumor-derived GLS1 was demonstrated to
exacerbate drug resistance through dual mechanisms:
promoting M2-like macrophage polarization and stimu-
lating pro-angiogenic activity. The study proposes a novel
combinatorial therapeutic strategy simultaneously tar-
geting glutamine metabolism, angiogenesis inhibition,
and M1 macrophage polarization, which demonstrates
synergistic effects in reversing drug resistance [43]. These
findings not only expand our understanding of targeted
therapy resistance mechanisms but also highlight the
crucial role of TME regulation in developing innovative
treatment approaches. Consequently, research is increas-
ingly shifting focus from the tumor cells themselves to
the TME, particularly the role of immune cells. By modu-
lating the TME, it may be possible to enhance the
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immune system’s ability to recognize and attack cancer
cells, thereby improving the effectiveness of treatment.
Immunotherapy has become a focal point of research in
this area. Key types of immunotherapies include IClIs,
cell-based immunotherapy, and tumor vaccines. ICIs are
the most extensively studied form of immunotherapy,
targeting the programmed cell death receptor 1 (PD-1)/
programmed cell death ligand 1 (PD-L1) and cytotoxic T
lymphocyte-associated antigen 4 (CTLA4) to block nega-
tive regulatory pathways in T cells and enhance their
anti-tumor responses [44—46]. Additionally, new immune
checkpoints, such as lymphocyte activation gene-3
(LAG-3), have emerged as the third ICI checkpoint to
receive approval, following PD-1 and CTLA4 [47, 48]. In
GC treatment, early-phase clinical trials have evaluated
the efficacy of relatlimab in combination with other IClIs,
such as nivolumab (NCT03610711, NCT03662659,
NCT03704077), with promising results. Moreover,
immune checkpoints like T cell immunoglobulin and
ITIM domain (TIGIT) and T cell immunoglobulin and
mucin-domain containing-3 (TIM-3) are expected to
become the next approved ICIs [49]. Thus, ICIs have
become a critical therapeutic tool for many cancers, par-
ticularly in refractory tumors like melanoma, non-small
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cell lung cancer, renal cell carcinoma, and head and neck
squamous cell carcinoma, where they have shown signifi-
cant efficacy either alone or in combination [50-52].
However, in advanced GC, only a subset of patients
responds to ICIs. This discrepancy may be attributed to
intrinsic molecular changes that create distinct immune
microenvironments in different patients. GC molecular
subtypes are primarily classified into the Cancer Genome
Atlas (TCGA) and the Asian Cancer Research Group
(ACRG) subtypes. The TCGA classification includes
Epstein-Barr Virus (EBV), microsatellite instability (MSI),
genomically stable (GS), and chromosomal instability
(CIN) subtypes, while the ACRG classification includes
MSI, microsatellite stability (MSS)/TP53", MSS/TP53",
and MSS/epithelial-mesenchymal transition (EMT) sub-
types [53, 54] (as shown in Fig. 1). Some EBV and MSI
subtypes are more sensitive to immunotherapy, but such
basic classifications alone are insufficient to identify all
patients suitable for immunotherapy [55]. Therefore,
identifying the appropriate candidates for immunother-
apy remains a significant challenge in GC research. Cur-
rently, reliable molecular biomarkers to predict
immunotherapy efficacy are limited. Biomarkers such as
the combined positive score (CPS) score of PD-L1, MSI

Cell migration
CDH1 RHOA
SOX9 PIGR

Fig. 1 The molecular subtypes and histological classification of gastric cancer. Histologically, it is categorized into two main types: intestinal and diffuse.
Molecular subtyping has revealed four primary subtypes: Epstein-Barr Virus (EBV), Microsatellite Instability (MSI), Chromosomal Instability (CIN), and Ge-
nomically Stable (GS). Among these, patients with EBV, MSI, and CIN subtypes predominantly display an intestinal-type profile, while those within the GS
subtype exhibit a diffuse-type predominance. Each molecular subtype is associated with distinct driver genes, with altered genes indicated in italics. EBV

and MSI subtypes exhibit greater sensitivity to immunotherapy [67, 68]
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or dMMR status, and tumor mutational burden (TMB)
are among the most widely recognized indicators [56—
59]. In the Chinese subgroup of the CheckMate 649
study, the nivolumab-plus-chemotherapy group demon-
strated a 3-fold improvement in the 5-year OS rate and a
43% reduction in mortality risk compared to chemother-
apy alone in HER2-negative advanced GC patients with
PD-L1 CPS=>5. Improvements in progression-free sur-
vival (PFS) and OS were also observed in patients with
CPS=1 and in all randomly assigned patients. Regardless
of PD-L1 CPS expression levels, nivolumab combined
with chemotherapy showed significant benefits in both
OS and PFS [60, 61]. The KEYNOTE-062 trial evaluated
pembrolizumab, chemotherapy, or a combination of
pembrolizumab and chemotherapy in patients with
advanced unresectable or metastatic GC and CPS>1.
Compared to chemotherapy alone, the combination ther-
apy did not improve PES or OS. In patients with CPS > 10,
the combination therapy also failed to demonstrate supe-
rior OS outcomes [62]. The prediction of immune ther-
apy response based on PD-L1 expression remains
inconsistent, and CPS cannot account for all scenarios.
Microsatellite highly unstable (MSI-H), as a pan cancer
biomarker for ICI response, demonstrates excellent per-
formance in predicting ICI efficacy across various cancer
types [59]. However, there is controversy regarding
whether and how to use neoadjuvant or adjuvant chemo-
therapy for locally advanced dMMR/MSI-H gastric or
gastroesophageal junction (GEJ) adenocarcinoma
patients. dAMMR/MSI-H tumors exhibit a better progno-
sis compared to MSS tumors, and the pathological com-
plete response (pCR) rate of platinum-based and
fluoropyrimidine-based neoadjuvant chemotherapy is
relatively low, ranging from 3 to 11% [63, 64]. A phase II
clinical study of NEONIPIGA investigated the sequential
use of nivolumab and ipilimumab as neoadjuvant therapy
for resectable IMMR/MSI-H gastric or GEJ adenocarci-
noma. The study reported a pCR rate of 59% (17/32),
which represents an encouraging outcome [65]. Another
phase II trial investigating neoadjuvant therapy for
resectable gastric or gastroesophageal junction adenocar-
cinoma with MSI-H found that the pCR rate was 60%,
and the major pathological response rate was 80% follow-
ing neoadjuvant therapy with tremelimumab and dur-
valumab. Notably, PD-L1 CPS was not associated with
treatment outcomes, while TMB showed no significant
correlation with pCR [66]. This provides a promising
therapeutic regimen for gastric or gastroesophageal junc-
tion adenocarcinoma patients with MSI/dMMR. How-
ever, studies have shown that up to 50% of dMMR
colorectal cancer patients do not respond to IClIs treat-
ment, underscoring the importance of additional bio-
markers or features in predicting treatment response
[55]. Thus, there is an urgent need for personalized

Page 5 of 25

preclinical models capable of predicting immune therapy
responses. These models would better simulate the grow-
ing diversity of emerging immune therapies, thereby
maximizing efficacy and minimizing unnecessary toxic-
ity. Current research models for GC primarily include
tumor cell lines, animal models, and patient-derived
xenograft models (PDTX); however, each has limitations
(see Fig. 2). The absence of accurate models for GC initia-
tion and progression limits understanding of the disease
mechanisms and hinders drug research. In contrast,
patient-derived organoids (PDOs) are distinguished by
their exceptional ability to preserve the key characteris-
tics of the primary tumor and reconstruct its tumor
immune microenvironment (TME). This distinctive
advantage renders PDOs an essential model for advanc-
ing our understanding of tumor biology and evaluating
therapeutic strategies.

Organoids

Timeline of organoid development

In 2009, Clever’s team pioneered the successful develop-
ment of intestinal organoids by culturing Lgr5" stem cells
embedded in a basement membrane extract (BME) rich
in laminin and supplemented with growth factors such as
R-spondin, Noggin, and epidermal growth factor (EGF)
[72]. This resulted in the development of self-organizing
crypt-villus-like epithelial structures, which established
the groundwork for organoid technology. Using this
approach, labs have improved cell isolation and growth
factor methods to create organoids from various normal
and tumor tissues, successfully forming brain organoids
[73, 74], stomach [75-80], esophagus [81], lung [82], liver
[83], pancreas [84], kidney [85], salivary gland [86], ovary
[87], fallopian tube [87], breast [88], colon [89], and pros-
tate [90]. However, this method constructs only epithelial
organoids, excluding stromal components [91]. In paral-
lel, the air-liquid interface (ALI) method preserves the
natural architecture of the source tissue, including epi-
thelial cells, endogenous stromal cells, and immune cells,
maintaining the original microenvironment. This tech-
nique is therefore utilized in cancer oncogene modeling
and TME studies [84, 88]. With technological advance-
ments, novel methods like microfluidic culture [92] and
organ-on-chip have emerged [93], although the scaffold-
based Matrigel method remains more widely used for
now. In recent years, the integration of emerging technol-
ogies with organoid technology (Fig. 3) has led to notable
advancements. This includes hydrogel-based organoids
mimicking lymphatic tissue, spatiotemporal omics for
detailed organoid analysis, and organoid models for auto-
immune diseases like celiac disease.
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compared to the original tumor
Inaccurate prediction of clinical efficacy

Expensive maintanance
Varaible establishment success rate
Need for protocol standardization

Preserved tumor heterogeneity and

Patient-derived organoids diveratty

Fig. 2 Summary for the main characteristics of GC preclinical models [69-71]

Organoid construction

The main methods currently used for constructing organ-
oids include the scaffold-based Matrigel method [106],
ALI culture [107], microfluidic chips [92], and organoids-
on-chip (OoC) [93]. The scaffold-based Matrigel involves
enzymatically digesting biopsy specimens to gather gas-
tric gland or cancer cells. The isolated cells are mixed
with Matrigel, and then supplemented with a medium
containing various growth factors. The ALI method
allows co-culturing of organoids with both epithelial and
stromal cells [108]. The ALI method uses Boyden cham-
bers (cell culture inserts), which contain a porous mem-
brane layer at the bottom. Tissue fragments mixed with
collagen Matrigel are placed into the chamber, and then
a medium enriched with nutrients and growth factors is
added to the surrounding culture dish. Cells in the ALI
method are directly exposed to air, increasing oxygen
supply compared to the scaffold-based Matrigel method
[109]. A key advantage of the ALI method is its inclusion

Excellent clinical predictability

of stromal cells and its capacity to extend the duration of
the TME [110, 111].

Clinical applications of organoids

PDOs accurately mimic the structure, function, histo-
pathology, biomarker expression, and genetic traits of
their original tissues [112]. Therefore, organoids are an
ideal in vitro human model system for studying organ
development, disease modeling, cancer pathogenesis,
and drug screening [113, 114] (Fig. 4). However, clini-
cal evidence supporting their use has been limited. The
Jaulin team embarked on a feasibility study focused
on Functional Precision Medicine (FPM) using organ-
oids cultivated from colorectal cancer (CRC) patients.
Researchers successfully developed 25 PDOs from core
needle biopsy samples and conducted pharmacological
testing with 25 FDA-approved anticancer agents to eval-
uate their clinical utility. They devised a scoring system,
named “chemoscape,” to identify responders in vitro. This
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Fig. 3 A brief timeline of organoid development [94-105]

system calculates the mean response of each drug across
a population, facilitating the proactive identification of
significant sensitivities in specific PDOs. Consequently,
it enables clinicians to implement highly personalized
treatment strategies for individual patients [115]. Addi-
tionally, Boiléve’s team conducted the largest prospec-
tive study to date, involving 87 patients, to gather clinical
evidence on applying PDO-based FPM in advanced pan-
creatic cancer. The researchers utilized their proprietary
chemogram drug sensitivity profiling to identify PDOs’
sensitivity or resistance to specific drugs. The average
sample turnaround time was 6.8 weeks, enabling the
identification of at least one potentially effective drug
for over 90% of patients, with a sensitivity of 83.3% and
specificity of 92.9% [116]. This finding offers signifi-
cant insights for the development of novel combination
therapy clinical trials. Recently, the teams of Agudo and
Yilmaz used an orthotopic transplantation method with
CRC organoids to identify SOX17 as a key factor in pro-
moting tumor immune evasion. Their research showed
that in CRC, SOX17 drives the transition of LGR5*
tumor cells into immune-evasive LGR5™ cells through
epigenetic reprogramming. It also diminishes the sensi-
tivity of tumor cells to IFEN-y, inhibits the infiltration of
effector CD8" T cells, creating an immunosuppressive

for CRC modeling
Cervical cancer

Nasopharyngeal cancer

TME that fosters CRC progression [117]. The research
highlights the significant value of employing organoid
models in cancer research, providing insights for devel-
oping therapeutic strategies for targeting early-stage can-
cers. While further validation in interventional precision
oncology trials is needed, PDOs already offer significant

opportunities for developing new drugs and combination
therapies.

Organoids and artificial intelligence

Despite its wide use, organoid technology still faces chal-
lenges and limitations in its construction and evaluation.
The initial organoid construction process is highly depen-
dent on manual operations, which restricts reproducibil-
ity and reliability. Moreover, organoid cultures produce
extensive data in traceability assessments, and efficiently
converting this data into insights on disease mecha-
nisms and drug responses is a major research challenge.
Integrating Artificial intelligence (AI) into GC organoid
research offers new opportunities by streamlining con-
struction, enhancing data analysis, and providing insights
into complex biology, thereby advancing precision medi-

cine and accelerating disease modeling and therapeutic
discoveries.
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medicine, simulating tumor microenvironment in vivo, drug development and gene editing, etc. Tumor organoids represent a powerful bridge between
preclinical research and clinical application, offering unprecedented opportunities for personalized medicine, drug discovery, and improving patient

outcomes in cancer treatment

Al, originating from computer science, aims to mimic
human cognitive functions, such as visual perception
and decision-making [118]. Machine learning is a sub-
set of Al that uses algorithms to iteratively learn from
data, thereby automating decision-making and predic-
tion [119]. Al technologies, particularly machine learn-
ing algorithms, present vast potential for the clinical
application of organoids. Firstly, AI can optimize Matri-
gel design for enhanced performance, automate quality

control through image analysis, and dynamically monitor
culture conditions [120]. Al can analyze high-throughput
omics data to offer insights into functional and structural
parameters, aiding in the development of more efficient
and higher-quality organoids [121]. This accelerates the
transition from laboratory research to clinical applica-
tion. Al can streamline in vitro biobank construction by
automatically classifying and labeling samples, improv-
ing management and access efficiency through pattern
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recognition and data mining. Al-driven predictive mod-
els can accelerate the drug screening process by analyzing
the responses of organoids to different drugs and iden-
tifying potential candidate drugs [122, 123]. Compared
to traditional drug screening, this approach significantly
reduces the cost of time and money, while improving the
success rate of drug development. Al can analyze cellular
interactions and changes in organoids using in vitro dis-
ease models, simulating disease progression and enhanc-
ing understanding of disease mechanisms [124, 125]. In
the future, ongoing advancements in artificial intelligence
technology are anticipated to enhance the efficiency of
GC organoid research significantly, thereby establishing a
robust foundation for precision medicine and the devel-
opment of novel therapeutics.

Organoids and the immune microenvironment
Immunotherapy and immune model organoids
Immunotherapy is a therapeutic approach that leverages
the body’s innate defense mechanisms to combat dis-
eases, particularly cancer. Alongside surgery, radiation
therapy, chemotherapy, and targeted therapies, immu-
notherapy has become a cornerstone in cancer treatment
[126, 127]. Unlike traditional treatment methods, tumor
immunotherapy does not directly attack cancer cells, but
specifically clears tumor lesions by activating or enhanc-
ing the immune system. By stimulating the activity of T
cells, B cells, NK cells, and other immune components,
tumor immune escape is overcome, and immune cells are
awakened again [128]. In addition, immunotherapy also
intervenes in the TME, inhibits the function of immu-
nosuppressive molecules, relieves the inhibitory state
of the immune system, and restores its killing ability
against tumor cells. Therefore, the focus of immunother-
apy is not limited to cancer cells, but rather the systemic
immune system and TME [67, 129-131]. The TME is a
complex milieu composed of various cytokines, chemo-
kines, other factors secreted by tumor cells and the cel-
lular components predominantly includes tumor stromal
cells, fibroblasts, endothelial cells, as well as innate and
adaptive immune cells [132—-135]. These components are
pivotal in driving tumor progression. During tumorigen-
esis, tumor cells interact with and continuously adapt to
their surrounding stromal elements, collectively forming
the tumor mass [136-139] (Fig. 5). Thus, understand-
ing immune infiltration within the TME is essential for
enhancing response rates and developing novel immuno-
therapeutic strategies for cancer treatment. It is crucial
to emphasize that immune cells within the TME regu-
late tumor growth through their coordinated interac-
tions, and the efficacy of immunotherapy is contingent
upon the effective collaboration between innate and
adaptive immune cells [140]. Currently, clinical immu-
notherapy modalities encompass ICls, adoptive T cell
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therapy (ATCT), oncolytic virotherapy, cancer vaccines
and cytokine therapies [141-145]. Some IClIs, repre-
sented by PD-L1/PD-1 and CTLA-4, have been widely
used in clinical trials [146—149]. Among them, nivolumab
and pembrolizumab have been approved by the US Food
and Drug Administration (FDA), and combination che-
motherapy is recommended as the first-line treatment
for GC [23]. In contrast, adoptive T cell therapy is still in
the exploratory stage of early clinical trials in the treat-
ment of GC. The self-developed autologous CAR-T
therapy targeting Claudin18.2 by China research team,
Ltd. - Sutri cel injection (CT041) has achieved significant
breakthroughs in the phase II clinical trial CT041-ST-01
(NCT04581473) for the treatment of GC, and compared
with the control group, PFS significantly improved [150,
151]. CT041 has been officially included in the list of
breakthrough therapeutic drugs by the China National
Medical Products Administration, with the proposed
indication being advanced gastric/esophagogastric junc-
tion adenocarcinoma with positive Claudin18.2 expres-
sion that has undergone at least second-line treatment
failure in the past. This marks an important step forward
in the field of solid tumor CAR-T therapy. So far, only
four oncolytic viruses have been approved for market
worldwide, with indications including nasopharyngeal
carcinoma, melanoma, and glioblastoma [152]. Multiple
oncolytic viruses have entered the clinical trial stage, but
the results of oncolytic viruses targeting GC have not
been reported yet. In addition, there are literature reports
that advanced GC can achieve complete remission for up
to 25 months after receiving the new antigen dendritic
cell vaccine, but other experimental data is still lacking
[153, 154]. Multiple clinical trials of cytokine therapy for
solid tumors are currently underway, and no results have
been disclosed for GC experiments [155, 156]. Therefore,
ICIs are the most widely used immunotherapy method
in clinical practice. However, in patients with solid
tumors, the outcomes of single-agent immunotherapies
are often suboptimal. This can be attributed to the dis-
tinctive characteristics of the cancer-immunity cycle
(CIC) in solid malignancies. The CIC describes a cyclical
process in which the local TME and the host’s systemic
immune system interact [157]. When immunotherapy
aims to overcome immune dysfunction and enhance the
CIC, any disruption at any step of the cycle may limit the
immune system’s ability to control tumor growth effec-
tively [158]. A thorough understanding of the CIC is inte-
gral to clarifying the principles of tumor immunotherapy
and guiding the development of innovative treatment
strategies. Consequently, considerable attention has been
directed toward developing accurate tumor models in
immunology research, particularly for testing anti-tumor
immunotherapies. In tumor immunology, the reliance
on 2D cell lines and humanized animal models has often
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Fig. 5 The dynamically evolving tumor immune microenvironment and the comprehensive landscape single-cell atlas of GC. (@) The TME is composed
of CAFs, tumor associated macrophages (TAMs), MDSCs, tumor associated neutrophils (TANs), DCs and various types of lymphocytes. According to the
degree of response to immunotherapy, it is divided into two categories: “cold tumors” and “hot tumors”. The characteristics of “cold” tumors are rich in
M2 macrophages, MDSCs, T2 cells, Treg cells, terminal exhausted CD8'T (Tex) cells, regulatory B (Breg) cells, CCR2,; monocytes, and mature DC. On the
contrary, the cell profile of “hot”tumors includes CD8™T (Teff) cells, T, 1 cells, NK cells, group 2 innate lymphocytes (ILC2s), M1 macrophages, eosinophils,
CX3CR1y,; monocytes, type 1 dendritic cells (DC1), and tertiary lymphoid structures (TLSs). (b) Some therapeutic strategy can reconstructe the TME that
transform “cold” tumors into "hot” tumors and this is beneficial for immunotherapy [160, 161]. (c) Single-cell sequencing enables a detailed characteriza-
tion of each cell’s state, revealing distinct immune responses and identifying potential therapeutic targets [162-170]

yielded suboptimal results. The advent of in vitro 3D
models, however, has helped to address this limitation.
The following discussion will focus on the development
and clinical application of commonly used immune-func-
tional organoid models. These models include co-culture
systems, air-liquid interface techniques, microfluidic
organ-on-chip platforms, and micro-organoid spheres
[139, 159] each with their respective advantages and
disadvantages, as illustrated in Fig. 6. These immune
model organoids enable simulation of tumor-immune

interactions to a certain extent, improving drug testing
and mechanistic studies, and advancing cancer research
and therapy development [110, 139].

Co-culture of organoids with immune cells

The extracellular matrix (ECM) can influence adaptive
immune responses by either facilitating pathways for T
cell infiltration into tissues or directly inhibiting T cell
proliferation [171]. Additionally, stromal cells, repre-
sented by cancer-associated fibroblasts (CAFs), interact
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Fig.6 Advantagesand limitations of common tumor immune organoid models. From the perspective of the construction process, ALl organoids directly
use tissue fragments, Organoids on chips use partially digested tissue fragments, while Micro-organospheres and co-culture organoids use single-cell
suspensions, resulting in a gradually increasing degree of digestion. This means that the difference from the native immune environment of the source
tissue gradually increases, ALl organoids is excellent. What's more, the emergence of vascularized organoid on chips has brought us one step closer to
highly simulated in vivo tumor microenvironments. The figure is adapted from the work of Calvin J. Kuo's team, with some modifications [139]

with immune cells to significantly impact tumor progres-
sion. CAFs are fibroblasts observed in the TME near can-
cer cells, displaying functional heterogeneity with dual
roles in cancer development [172]. While CAFs predomi-
nantly promote tumor growth, in certain contexts, they
may exhibit anti-tumor functions [172, 173]. CAFs drive
cancer progression by enhancing cell growth, invasion,
migration, angiogenesis, and therapy resistance. They
secrete cytokines, chemokines, Extracellular vesicles, and
ECM to alter immune and metabolic responses, fostering
tumor development [172, 174, 175].

Research has shown that CAFs secrete immunosup-
pressive cytokines that can polarize macrophages to an
M2 phenotype, leading to exhaustion and loss of CD8*
T cells, which facilitates malignant tumor progres-
sion [176]. In 2022, the team led by Strobel established
a pancreatic ductal adenocarcinoma (PDAC) organoid
model and co-cultured it with primary CAFs isolated

from tumor specimens, creating a tumor-CAF co-culture
organoid model. Through fluorescence staining, they
demonstrated direct contact between CAFs and organ-
oids and observed that CAFs promote tumor cell prolif-
eration. Additionally, researchers have found that CAFs
promote inflammation and EMT in this model through
using single-cell RNA sequencing and fluorescence stain-
ing, suggesting that CAFs may lead to enhanced che-
motherapy resistance in tumor cells [177]. Zhao and
colleagues established a co-culture system of GC organ-
oids with matched CAFs to investigate their interplay
under the influence of 5-FU and oxaliplatin. The study
revealed that co-cultured organoids exhibited signifi-
cantly enhanced drug resistance compared to organoids
cultured independently, highlighting the role of CAFs in
mediating tumor resilience to chemotherapy [178]. This
tumor-CAF co-culture organoid model accurately simu-
lates the human TME, serving as a realistic platform to
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evaluate drug responses and cell interactions, and prom-
ises better insights into patient-specific drug reactions
and TME complexities.

T cells are the primary agents in immunotherapy for
cancer patients. However, it is quite difficult to use the
patient’s own tumor reactive T cells to study their inter-
action mechanism with tumor cells. Cattaneo and col-
leagues introduced an innovative technique for cancer
immunotherapy research, which involves co-culturing
tumor organoids with the patient’s own peripheral blood
lymphocytes (PBLs) to generate tumor-reactive T cells.
The yield of tumor-reactive CD8" T cell populations
can reach about 33-50% in patients with non-small cell
lung cancer (NSCLC) and microsatellite instability-high
CRC [159]. Researchers co-cultured three GC organoids
with autologous T cells to examine the dynamic inter-
play between organoids and immune cells. In one case,
the introduction of autologous T cells led to increased
structural damage and apoptosis within the GC organ-
oids. This finding underscores the potential of co-cultur-
ing PBMCs with autologous tumor organoids to induce
specific tumor-reactive T cell responses, offering a valu-
able platform for studying the interactions between
TME components and tumor cells [178]. This technique
marks a milestone in precision medicine and tumor
immune response research. It enables the evaluation of
novel immunotherapy drugs, facilitates research into
patient-specific tumor immune response mechanisms,
and allows exploration of immune evasion mechanisms.
Additionally, it provides a platform for assessing the effi-
cacy of ICIs, offering a powerful tool for advancing per-
sonalized cancer immunotherapy.

CAR-T cells are genetically engineered T cells designed
to express a chimeric receptor targeting specific anti-
gens, allowing them to precisely identify and eliminate
cancer cells through direct cytotoxicity [179]. However,
CAR-T therapy for solid tumors is still in the explor-
atory stage, and it has been challenging to predict patient
responses before treatment. The co-culture of organoids
and CAR-T cells presents a novel solution for predicting
the efficacy and toxicity assessment in CAR-T therapy.
In 2021, Chen and colleagues successfully established a
bladder cancer organoid-CAR-T cell co-culture system
to evaluate CAR-T cell-mediated cytotoxicity against
MUC1-expressing bladder cancer organoids, creating
a preclinical ex vivo testing platform. This model holds
promise as an effective supplement for personalized
CAR-T therapy [180]. Moreover, the broader application
of organoid-CAR-T cell co-culture models remains to
be explored, with potential applications in drug sensitiv-
ity testing, high-throughput screening, and gene editing
studies. This advancement could accelerate the devel-
opment of precision CAR-T therapies, offering a more
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accurate approach for predicting therapeutic outcomes
in cancer treatment.

Air-liquid interface organoids

In 2018, Kuo’s team successfully developed PDOs using
the ALI method. The ALI-PDOs model retains the
endogenous innate immune cell components, fibrous ele-
ments, and even cellular matrix components from the
original tumor tissue, maintaining a high-fidelity preser-
vation of the original tumor T cell receptor repertoire at
both genetic and immune levels [110]. Remarkably, this
model enables the simulation of ICIs (anti-PD-1 and anti-
PD-L1) activating tumor antigen-specific tumor-infiltrat-
ing lymphocytes (TILs) and inducing tumor cell death
in vitro. This breakthrough allows for immuno-oncology
research on primary tumor cells and their native immune
components within TME organoids and promotes per-
sonalized immunotherapy. The ALI-PDOs model offers a
promising platform for understanding immune responses
and assessing personalized treatment strategies, leading
to more precise and effective immunotherapy.

Microfluidic organoids on chips

Although traditional organoids hold significant advan-
tages in personalized treatment selection and improv-
ing patient outcomes, they face limitations in PDAC.
Most PDAC patients are diagnosed at an advanced stage
when tumors are unresectable. The source of patient tis-
sue is often from fine-needle aspiration biopsies, which
provide limited sample volume and pose challenges
for cultivation. To address this, Revzin’s team devel-
oped an innovative microfluidic organoid culture plat-
form. This platform can sustain cancer organoid growth
similarly to Matrigel cultures. Organoids can be created
from small tissue samples via needle biopsy, retaining
the primary tumor’s genetic traits and drug responses,
including immune elements [181]. Furthermore, Cherne
and colleagues, through an optimized organoid flow
chip and a polysaccharide-based synthetic hydrogel,
VitroGel°"ORGANOID-3, developed an advanced micro-
physiological immune-cell-epithelial co-culture microflu-
idic device model. This model was designed to investigate
the intricate interactions between dendritic cells, gas-
tric epithelium, and the microbiota, thereby expanding
our understanding of the immune surveillance role of
mononuclear phagocytes and their involvement in gastri-
tis and related diseases [182]. This makes them ideal for
identifying personalized treatment plans, facilitating effi-
cient drug testing and combination therapy selection for
advanced cancer patients, and potentially improving the
effectiveness of targeted treatments for solid tumors.
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Micro-organospheres

In clinical practice, treatment decisions typically need
to be made within 14 days after diagnosis, but current
PDO cultures often cannot complete drug sensitivity
testing within this timeframe, leading to potential treat-
ment delays. Ding and colleagues addressed this issue
by employing droplet emulsification microfluidic tech-
nology with temperature control and minimized dead
volume. They transformed original tumor samples from
patients into single-cell suspensions, combined them
with 3D Matrigel, and mixed them with biphasic liquids
(oil) to rapidly generate thousands of micro-organo-
spheres (MOS) from a small amount of patient tissue. In
this study, the time from sampling metastatic CRC tissue
to obtaining a reliable drug sensitivity report was only 14
days, making it ideal for guiding clinical treatment deci-
sions. MOS not only captures original tumor cells but
also allows for T cell participation, enabling evaluation of
immunotherapy efficacy, such as PD-1 inhibitors [183].
With further research and application, this technology
holds promise for achieving higher efficacy and lower
side effects in future cancer treatments, paving the way
for precise, targeted therapy in clinical oncology.

Gastric cancer organoids and immune evasion
Traditionally, malignant cell precursors and the host
immune system are believed to exist in a dynamic equi-
librium, where the host immune system can eliminate
malignant cell precursors and control tumor growth until
the tumor cells acquire genetic or epigenetic changes that
enable immune escape [184, 185]. For example, NK cells
and CD8" T cells are crucial in restricting the growth of
microscopic tumors [186—189]. However, clinically pro-
gressive tumors can be observed only after malignant
tumor cells have successfully evaded immune recognition
and elimination [185].

Malignant tumor cells employ a variety of mechanisms
to facilitate immune evasion, which form the basis for
local invasiveness and metastatic lesions. These eva-
sion strategies also underlie the challenges and recur-
rences in established tumors that resist treatment [190,
191]. Understanding these immune evasion mecha-
nisms through GC organoid models provides insight
into the TME and immune-tumor interactions, allowing
researchers to better design therapies that address these
challenges in immunotherapy and precision oncology.

Based on this, L. Galluzzi’s team proposed a new
framework to categorize cancer immune evasion, identi-
fying that most mechanisms of immune escape by malig-
nant cells involve the “three Cs”: Camouflage, Coercion,
and Cytorotection (Fig. 7). Camouflage: This refers to
malignant cells avoiding detection or recognition by
immune effector cells. This can occur due to defects in
antigen processing and presentation, limited secretion
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of chemokines—whether associated with immunogenic
cell death (ICD) or not, or the formation of stromal bar-
riers that prevent immune cell infiltration. Coercion: For
malignant cells that fail to camouflage, coercion enables
immune escape by inhibiting immune effector cell activ-
ity. This involves altered expression of immunomodula-
tory ligands on cancer cells, defects in damage-associated
molecular pattern (DAMP) signaling or pro-inflam-
matory cytokine signaling, and/or the release of immu-
nosuppressive metabolites in the TME. This process
suppresses the activity of immune effector cells, includ-
ing dendritic cells (DCs), NK cells, T1-polarized CD4*
T cells, and CD8" cytotoxic T lymphocytes (CTLs), while
promoting the activity of immunosuppressive cells such
as regulatory T cells (Treg cells), specific TAM subsets,
and myeloid-derived suppressor cells (MDSCs). Cyto-
protection: This involves mechanisms that protect malig-
nant cells from immune cytotoxicity. It includes defects
in immune synapse formation, activation of downstream
cell death pathways, or initiation of compensatory
responses such as autophagy, allowing malignant cells to
evade immune destruction [192]. These categories pro-
vide a structured understanding of the strategies that
tumors use to evade immune recognition and elimina-
tion, laying the groundwork for developing more effec-
tive immunotherapies targeting these specific evasion
mechanisms.

Therefore, successfully blocking tumor cells from evad-
ing the host immune system is essential for enhancing
the effectiveness of both contemporary immunothera-
pies and conventional treatment approaches. In recent
years, researchers have increasingly concentrated on the
link between immune evasion and GC. Ji’s team, utiliz-
ing CRISPR-Cas9 technology, identified TRIM28 as a
critical regulatory factor of PD-L1 expression in GC cells.
TRIM28 stabilizes PD-L1 by inhibiting its ubiquitination
and promoting its SUMOylation, and activates the TBK1-
IRF1 signaling pathway to enhance PD-L1 transcription.
This leads to immune suppression and promotes GC pro-
gression, revealing a novel role of TRIM28 in regulating
PD-L1 protein stability [193]. This discovery may serve
as a potential therapeutic strategy to improve immuno-
therapy for GC in the future. Due to the off-target effects
and mechanisms of immune evasion, targeted therapies
have not been highly effective in significantly extending
the survival of GC patients. Research has shown that cir-
cular RNAs (circRNAs) might play a physiological role
in GC progression [194, 195]. CircRNAs can interact
with microRNAs (miRNAs), competitively binding with
miRNA response elements to regulate the expression of
miRNA-targeted genes [196]. Miao and colleagues dis-
covered that hsa_circ_0136666 is highly expressed in GC
and acts as a sponge for miR-375. Mechanistic investiga-
tions revealed that hsa_circ_0136666 promotes PRKDC
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Fig. 7 A brief introduction to immune evasion in tumors. Tumor cells employ various mechanisms to avoid immune responses, which can be summa-
rized as the “Camouflage” mechanism that hides cancer cells from immune recognition, the “Coercion”that directly or indirectly interferes with immune
effector cells and the “Cytoprotection” that protects malignant cells from immune cell toxicity. In the process of tumor progression, multiple parts men-
tioned above are often involved simultaneously. Therefore, understanding immune evasion is crucial for developing immunotherapies, as these treat-
ments aim to overcome these evasive strategies and empower the immune system to recognize and eliminate cancer cells more effectively. This figure

is adapted from the work of L. Galluzzi's team with modifications [192]

expression through miR-375, leading to the phosphory-
lation and stabilization of PD-L1, thereby promoting
GC progression and immune evasion [197]. This finding
highlights the role of hsa_circ_0136666 as an immune
target and provides a theoretical basis for enhancing the
efficacy of anti-PD-L1 therapies in GC.

The rise of immunotherapy has brought new hope to
cancer patients. With the development of immune organ-
oid technology, researchers now have a platform that can
authentically replicate the diversity and physical struc-
ture of the TME, providing insights into the interactions
between immune cells and tumor cells. Chakrabarti and
colleagues explored the effects of combining anti-HER2
targeted therapy with anti-PD1 ICIs by co-culturing
human GC organoids with CTLs and myeloid-derived
suppressor cells. Their findings revealed that HER2-
targeted drugs could inhibit CTL effector functions and
PD-L1 expression through the PI3K-AKT-mTOR path-
way. It has been demonstrated that HER2-induced PD-L1

may drive immune evasion in tumor cells [198]. In sum-
mary, these studies not only provide new insights into the
mechanisms of immune evasion in gastric and colorectal
cancers but also may aid in developing new immunother-
apy strategies and prognostic biomarkers.

Gastric cancer organoids and intracellular bacteria

The microbiome is an integral part of the human body,
significantly impacting cancer risk, clinical pathology,
treatment responses, and tumor prognosis [199-202].
Studies have demonstrated a strong correlation between
the microbiome and the progression of various can-
cers, including colorectal [203, 204], pancreatic [205],
lung [206], breast [207], and GC [208]. Within tumors,
hypoxia and necrosis often create a chronic immuno-
suppressive microenvironment conducive to bacterial
growth [209]. As a result, researchers have increasingly
detected bacteria within solid tumors, shifting focus
towards understanding the link between intracellular
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bacteria and tumor progression. It has been found that
intracellular bacteria can promote cancer development
and progression through various mechanisms, including
DNA damage [210-214], epigenetic modifications [215—
217], inflammatory responses [218, 219], and modulation
of the host immune system [220-223]. These findings
suggest that bacteria within the TME may play an active
role in shaping cancer behavior and therapy outcomes,
making the microbiome a potential target for innovative
cancer treatments and a promising field for further inves-
tigation in GC organoid studies.

Helicobacter pylori infection is the most common bac-
terial infection in GC. It stimulates gastric acid secre-
tion which can result in peptic ulcers and a subset of
patients may gradually progress to GC [224]. Neutrophil
alkaline phosphatase (NAP) is a key virulence factor of
H. pylori, which promotes gastric mucosal damage by
activating neutrophils to produce reactive oxygen spe-
cies (ROS) and by enhancing neutrophil adhesion to
gastric epithelial cells. NAP also stimulates the release
of various pro-inflammatory chemokines, increasing
the secretion of gastrin and pepsinogen, contributing to
gastric mucosal injury [225]. The progression to GC is
a prolonged and dynamic process. H. pylori has a well-
established role in the initiation and progression of GC,
with factors such as inflammatory mediators, epithelial
cell apoptosis, and genetic mutations contributing to its
pathogenesis. However, the exact mechanisms by which
these factors operate are still not fully understood. Fur-
ther research into how H. pylori infection leads to GC
is crucial for advancing prevention and treatment strat-
egies [226]. Traditionally, it was believed that the highly
acidic environment of the stomach prevented most bac-
teria from surviving, with H. pylori being the only micro-
organism able to colonize. However, recent research
has revealed microbial dysbiosis in the stomachs of GC
patients, with distinct bacterial profiles and dominant
bacterial populations. Studies have shown an abundance
of Fusobacterium in GC tissues compared to normal tis-
sues, particularly associated with poorer prognosis and
shorter OS in patients with diffuse-type GC. Fusobacte-
rium infection appears to influence the phenotypic char-
acteristics, microecology, and metabolic functions of GC
cells, suggesting a link between Fusobacterium and the
carcinogenesis, progression, and prognosis of GC [227].
Additionally, research by Zhong and colleagues identi-
fied an increased presence of Candida albicans in GC.
C. albicans may contribute to GC development by reduc-
ing fungal diversity and abundance within the stomach
[228]. When C. albicans invades the mucosal epithelium,
it triggers apoptosis and necrosis, disrupting the immune
barrier of the epithelium and leading to structural altera-
tions [229]. This suggests a potential role for C. albicans
in GC progression by weakening epithelial defenses and
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creating an environment conducive to cancer develop-
ment. Furthermore, Yu Jun’s team discovered that S. angi-
nosus is enriched in the gastric mucosa of patients with
GC. Studies conducted in both conventional and germ-
free mice revealed that S. anginosus infection spontane-
ously induces gastric inflammation, atrophy, mucinous
metaplasia, and lesions. Further mechanistic investiga-
tions revealed that the surface protein TMPC of S. angi-
nosus interacts with the Annexin A2 (ANXA2) receptor
on gastric epithelial cells, thereby facilitating bacterial
adhesion and colonization. angin of the gastric mucosa.
This interaction activates the mitogen-activated protein
kinase (MAPK) signaling pathway, promoting cell pro-
liferation and inhibiting apoptosis, thereby contributing
to tumorigenesis [230]. However, the researchers have
yet to explore the interactions between S. anginosus and
other cells within the gastric TME, as well as its interac-
tions with other microbial communities in GC. This will
be a key focus for future studies on the mechanisms of
GC. Building on this, we can further investigate the role
of S. anginosus within the GC immune microenviron-
ment using GC organoid models. These insights under-
score the significance of the gastric microbiome beyond
H. pylori, suggesting that other microbial species may
also contribute to GC initiation, progression, and patient
outcomes. Further research into these associations may
reveal novel targets for diagnostics, treatment, and pre-
vention of GC.

Choosing an appropriate preclinical model to assess the
impact of intracellular bacteria on tumor progression is
crucial for advancing cancer research. Organoids closely
resemble their tissues of origin in both structure and
function, making them suitable for modeling the impact
of microbes on tumorigenesis, tumor progression, and
therapeutic efficacy [112]. Organoids provide a reliable
platform to model how microbial interactions influence
tumor behavior. For instance, Puschhof and colleagues
have used organoids and organ-on-chip systems to evalu-
ate the effects of microbiota on intestinal and colonic
epithelium [231]. In 2022, a study led by Cai’s team first
demonstrated that intracellular bacteria in breast can-
cer tissue can promote tumor colonization and metas-
tasis. The researchers detected intracellular bacteria in
breast cancer tissues using an optimized Tagman qPCR
method. Through a co-culture system of intracellular
bacteria and organoids, they found that different intra-
cellular bacteria exhibit varying levels of cell invasion
and colonization capabilities [232]. Research indicates
that H. pylori secretes vacuolating cytotoxin A (VacA),
colonizes in the stomach, initiating a series of detrimen-
tal effects. This toxin induces vacuolation, inflammation,
and apoptosis within gastric epithelial cells, while also
compromising epithelial integrity. Furthermore, VacA
disrupts mitochondrial function by targeting lysosomal
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calcium channels or binding directly to mitochondria,
ultimately leading to cellular energy deficiencies. These
pathological changes contribute to the death of gastric
mucosal cells, which accelerates the progression of peptic
ulcers and fosters conditions conducive to GC develop-
ment [233-236]. Despite the availability of various anti-
biotic treatments for H. pylori, the escalating issue of
antibiotic resistance has rendered traditional therapeutic
approaches increasingly challenging. Therefore, uncover-
ing novel therapeutic targets and strategies, particularly
those addressing the mechanisms of VacA, has emerged
as a critical area of research. In a study led by Son, the
team employed human antrum gastric organoid mod-
els (hAGOs) derived from human pluripotent stem cells
(hPSCs) to mimic the H. pylori infection process. They
focused on the mitochondrial damage induced by VacA
in antral cells, investigating its underlying molecular
mechanisms. Their findings revealed that VacA compro-
mises the gastric mucosal barrier by impairing mitochon-
drial function in antral mucous cells, leading to energy
metabolism disturbances and decreased mucus secretion
[237].These insights are pivotal in advancing the under-
standing of how H. pylori infection contributes to gastric
mucosal damage. A series of experiments confirmed that
intracellular bacteria can indeed enhance tumor coloni-
zation and metastasis. The above findings emphasize the
utility of organoid models for studying the role of bacte-
ria in cancer biology and highlight the potential of organ-
oid-based systems as preclinical models for evaluating
how tumor-resident microbes influence cancer progres-
sion and metastasis.

Application of gastric cancer organoids in tumor
drug development

PDOs have demonstrated remarkable potential in pre-
dicting drug sensitivity and clinical responses in GC.
Their ability to reliably assess reactions to chemotherapy
and targeted therapies, combined with their rapid estab-
lishment and turnaround time, making them ideal for
clinical applications [238]. Recently, the U.S. FDA for-
mally recognized organoids’ utility in drug screening and
sensitivity testing, signaling a shift toward replacing tra-
ditional animal models with organoid-based experiments
[239]. This recognition underscores the efficacy and reli-
ability of organoid models in preclinical research. The
summary of retrievable clinical trial information related
to GC organoids is shown in Table 1.

Clinical guidance for gastric cancer treatment using
organoids

Emerging evidence supports the use of PDOs derived
from metastatic gastrointestinal cancer patients to guide
clinical treatment. By comparing drugs response of PDOs
in vitro, orthotopic xenograft models in mice and patient
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outcomes in clinical trials, researchers have demon-
strated a sensitivity of 100%, specificity of 93%, positive
predictive value of 88%, and negative predictive value of
100% for predicting responses to targeted and chemo-
therapy drugs [240]. These findings highlight the util-
ity of PDOs in functional genomics research, enabling
in vitro modeling of cancer behaviors and incorporating
molecular pathology insights into early clinical trial deci-
sion-making [240]. For instance, Yu’s team successfully
developed stable organoid lines from primary gastric
tumors and lymph node metastases. These organoids dis-
played consistent drug response profiles with their source
tissues, accurately predicting tumor cell sensitivity to
specific chemotherapy drugs and providing robust exper-
imental support for clinical decision-making [241]. For
patients with locally advanced GC, neoadjuvant chemo-
therapy is a standard recommendation to reduce tumor
size, eliminate micrometastases, and optimize condi-
tions for subsequent surgery or radiotherapy. PDOs offer
a valuable tool for refining drug selection in these cases,
tailoring neoadjuvant regimens to individual patients and
improving therapeutic outcomes. While neoadjuvant
chemotherapy significantly improves median survival in
patients with locally advanced esophagogastric adeno-
carcinoma (EGC), approximately 63% of patients show
minimal pathological responses, emphasizing the need
for personalized approaches. To address this, researchers
cultured PDOs from endoscopic biopsy samples of 120
patients with locally advanced EGC. Drug responses were
evaluated for single and combination agents in the FLOT
regimen (5-fluorouracil, leucovorin, oxaliplatin, and
docetaxel), revealing significant variation in drug sensi-
tivity among organoids. By analyzing these responses,
researchers established a threshold for distinguishing
responders from non-responders, achieving a sensitivity
of 90%, specificity of 100%, and accuracy of 92% [242].
This approach represents a groundbreaking method for
individualizing chemotherapy in EGC, improving patient
outcomes and enhancing quality of life. With broader
application, PDO-based strategies could revolutionize
precision oncology by offering a transformative tool for
optimizing treatments in esophagogastric cancers.

Gastric cancer organoids for drug screening and new drug
development

Antitumor drug screening has relied on conventional
tumor cell cultures and PDTX models traditionally.
However, these models have significant limitations in
replicating in vivo conditions, emphasizing the urgent
need for more human-relevant systems to reduce the
high costs of drug development. PDOs, which retain the
genetic and pathological characteristics of their original
tissues, represent a promising alternative [243]. PDOs
enable patient-specific drug testing in vitro, potentially
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Table 1 Clinical trials related to gastric cancer organoids
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Status ClinicalTrials.ID  Study Type Enrollment Registra-  Subject Location
tion Dates
Recruiting  NCT06519500 Observational 40 2024-07-19 Generation of Organoids of Neuroendocrine Neo- Rome,
plasms of the Gastro-Entero-Pancreatic Tract Obtained  Italy
From Patients Undergoing Surgery
Unknown  NCT05351398 Observational 54 2022-04-01 The Clinical Efficacy of Drug Sensitive Neoadjuvant Sahnghai,
status Chemotherapy Based on Organoid Versus Traditional China
Neoadjuvant Chemotherapy in Advanced Gastric
Cancer
Recruiting  NCT05842187 Interventional 50 2023-04-10 In Vitro Organoid Drug Sensitivity-Guided Treatment Hang-
for Metastatic Pancreatic and Gastric Cancer (ODYSSEY) zhou,
China
Recruiting  NCT06196554 Observational 40 2023-12-01 Gastric Cancer Organoids in the Screening of Neoad-  Beijing,
juvant Drugs China
Unknown  NCT05203549 Observational 250 2022-01-10 Consistency Between Treatment Responses in PDO Shanghai,
status Models and Clinical Outcomes in Gastric Cancer China
Recruiting  NCT05652348 Observational 48 2022-12-07 Response Prediction of Hyperthermic Intraperitoneal Dresden,
Chemotherapy in Gastro- Intestinal Cancer (Hi-STEP1) ~ Germany
Unknown  NCT05442138 Observational 54 2022-06-28 A Study on the Potential Benefit of Neoadjuvant Not
status Therapy for AGC Patients provided
Recruiting  NCT06100003 Observational 104 2023-10-07 A Clinical Study Aims to Assess the Consistency of Shenyang,
Clinical Efficacy in Gastric Cancer Treatment and Drug ~ China
Susceptibility Outcomes Using a Novel Drug Suscepti-
bility Testing Method
Active, not  NCT03429816 Interventional 40 2018-02-05 OPPOSITE: Outcome Prediction Of Systemic Treatment  Dresden,
recruiting in Esophagogastric Carcinoma (OPPOSITE) Germany
Heidel-
berg,
Germany
Recruiting  NCT05508399 Observational 28 2022-08-17 Biomarker Analysis of Tislelizumab Combined With Xi'an,
Chemotherapy for Perioperative Treatment of G/GEJ China
Adenocarcinoma
Recruiting  NCT02495337 Observational 100 2015-05-27 Tissue Collection Protocol for Gastroesophageal Toronto,
Cancers Canada

Notes: Data from https://clinicaltrials. American Clinical Trial Registry

increasing success rates, shortening development time-
lines and reducing overall research costs. In 2018, Yan
and colleagues established a GC organoid biobank, incor-
porating primary tumors, lymph node metastases and
non-tumor organoids from 34 GC patients. This bio-
bank encompasses nearly all known molecular subtypes
of GC across different disease stages. Validation studies
confirmed that the morphology, transcriptomic profiles,
and genomic characteristics of long-term cultured organ-
oids closely mirrored those of in vivo tumors. Research-
ers conducted large-scale drug screening, testing both
FDA-approved therapies and drugs in clinical trials
using this biobank. Notably, a stemness STAT3-target
inhibitor-Napabucasin, mTOR inhibitor-Vistusertib and
the ATR inhibitor-VE-822 showed significant sensitivity
in organoid models, demonstrating the utility of organ-
oid biobanks for identifying targeted therapies, guiding
clinical drug selection, and accelerating anticancer drug
development [17]. Expanding on this work, Wang and
colleagues developed a gastric tumor organoid (GTO)
biobank to conduct high-throughput drug screening

while incorporating clinical prognosis insights. Their
study revealed that drug sensitivity results in GTOs cor-
related strongly with the long-term clinical outcomes
of corresponding patients. Additionally, they generated
gastric normal organoids (GNOs) from the normal gas-
tric epithelial tissues of the same patients. Drug sensitiv-
ity testing using GNOs provided valuable information on
potential adverse effects, enabling a comprehensive strat-
egy to select therapies that balance efficacy with minimal
toxicity. By integrating data from GTOs and GNOs, this
approach facilitates personalized treatment plans, opti-
mizing clinical outcomes while minimizing side effects
[244].

Similarly, Zhao and colleagues established a biobank of
57 GC organoids from 73 patients and screened six con-
ventional chemotherapy drugs (5-fluorouracil, oxalipla-
tin, cisplatin, paclitaxel, doxorubicin, and SN-38). RNA
sequencing identified distinct gene expression patterns
in chemotherapy-sensitive and chemotherapy-resistant
organoids. Tumor suppressor genes and pathways were
upregulated in organoids sensitive to 5-FU or oxaliplatin,
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whereas proliferation and invasion-related pathways were
enriched in resistant organoids. Follow-up studies on 12
primary GC patients demonstrated a strong correlation
between organoid drug responses and clinical outcomes
in 11 cases, providing robust evidence for the clinical
utility of GC organoids in drug screening and personal-
ized therapy [178]. Research into diverse drug screening
strategies continues to grow. Yang and colleagues used
PDOs from different GC subtypes to evaluate 11 small-
molecule kinase inhibitors. They observed that intesti-
nal-type PDOs (IPDOs) were broadly sensitive to kinase
inhibitors, while diffuse-type PDOs (DPDOs) exhibited
limited sensitivity. However, treatment of DPDOs with
Aurora kinase inhibitors (AURKi) such as Barasertib
and Danusertib induced a senescent phenotype char-
acterized by increased cell size, multinucleated giant
cells, and strong senescence-associated [-galactosidase
(SA-B-GAL) activity. These senescent cells secreted large
quantities of MCP-1/CCL2, recruiting macrophages and
polarizing them toward an immunosuppressive M2 phe-
notype via CCR2 receptor interactions. This immunosup-
pressive microenvironment inhibited the innate immune
response, potentially promoting tumor progression.
Based on these findings, a sequential therapy combin-
ing AURKIi with senolytic agents to clear senescent cells
could mitigate the pro-tumorigenic effects of therapy-
induced senescence while enhancing therapeutic efficacy
in diffuse-type GC [245]. Finally, the development of
novel organoid models has enabled deeper investigations
into GC pathogenesis.

Mechanistic studies of gastric cancer using organoids

Organoids are widely employed in fundamental research
as models for identifying potential therapeutic targets
beyond their crucial role in drug screening and new
drug development. For instance, Ukai and colleagues
developed a series of 5-fluorouracil (5-FU) resistant GC
organoids (GCOs) to investigate resistance mechanisms.
Through morphological and gene expression analyses
of these resistant GCOs, they identified KHDRBS3 as
a pivotal factor mediating 5-FU resistance in GC. Fur-
ther studies demonstrated that knocking out KHDRBS3
reduced chemoresistance, impaired organoid forma-
tion, and inhibited tumor growth and metastasis,
whereas KHDRBS3 overexpression produced opposite
effects. These findings suggest that KHDRBS3 is a criti-
cal player in GC and represents a promising therapeutic
target [246]. In another study, Ouyang and colleagues
established a GC patient-derived xenograft (PDX) mod-
els in nude mice, subsequently developing GC organ-
oids derived from these PDXs. Their research revealed
that the STAT3 inhibitor W1131 effectively suppressed
GC organoid growth by inhibiting the STAT3 signaling
pathway and inducing ferroptosis, a regulated form of
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cell death. Moreover, W1131 significantly enhanced the
sensitivity of GC organoids to 5-FU. These results under-
score the versatility of GC organoids as models for eluci-
dating drug resistance mechanisms and identifying novel
therapeutic targets. The significance of STAT3-related
inhibitors in tumor progression suggests that such inhibi-
tors, either alone or in combination with traditional che-
motherapeutic agents, hold potential as novel therapeutic
strategies for GC [247]. Advancements in gene editing
have enabled researchers to engineer organoids with tai-
lored genetic modifications, enhancing their applicabil-
ity in cancer research. For example, Tan and colleagues
employed single-cell sequencing to investigate tumor
heterogeneity in GC. They discovered that CCKBR" gas-
tric adenocarcinoma cells within the TME exhibit stem
cell-like properties closely linked to tumor invasiveness
and poor prognosis. FOXO was identified as a key reg-
ulator of the stemness of CCKBR" cells. By developing
CCKBR" and CCKBR™ organoids and treating them with
a FOXO inhibitor in combination with standard chemo-
therapy drugs, the researchers demonstrated that FOXO
inhibition selectively suppressed the growth of CCKBR*
stem cell-like tumor cells, reduced organoid formation,
and inhibited tumor progression. This highlights FOXO
inhibition as a potential therapeutic strategy for gastric
adenocarcinoma [248]. Similarly, Cai’s team used geneti-
cally modified organoids to investigate tumor behavior
and drug responses, further demonstrating the utility of
such models in cancer research. Lastly, studies on cir-
cRNAs have identified circ-0008315 as a promising thera-
peutic target for cisplatin-resistant GC. High-throughput
sequencing revealed the upregulation of circ-0008315 in
both GC tissues and cisplatin-resistant GC cells, a find-
ing corroborated in cisplatin-resistant GC organoids.
Downregulation of circ-0008315 significantly inhibited
GC cell proliferation, migration, and EMT in vitro and
in vivo. In cisplatin-resistant GC organoid models, sup-
pression of circ-0008315 successfully reversed cisplatin
resistance. To translate these findings into a therapeutic
application, researchers developed PLGA-PEG nanopar-
ticles targeting circ_0008315, which effectively inhibited
GC cell proliferation and overcame cisplatin resistance.
Circ-0008315 also holds potential as a prognostic bio-
marker for GC. This study underscores the promise of
circ-0008315 as a therapeutic target in nanomedicine,
offering a novel approach to addressing cisplatin resis-
tance and improving patient outcomes in GC [249].

Conclusions

The treatment of GC faces significant challenges, includ-
ing low early detection rates, pronounced biological het-
erogeneity, high treatment costs, limitations of current
biomarkers, and the lack of ideal preclinical models. An
ideal preclinical model should accurately mirror a GC
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patient’s tumor genome, phenotype, drug response, and
maintain the original TME. Addressing this challenge,
cancer researchers globally are shifting from a “one-size-
fits-all” approach to personalized GC treatment strat-
egies for individual patients. The advent of organoid
models has proven transformative in this effort, as they
fulfill many criteria for an ideal preclinical model. Organ-
oids retain the morphological characteristics, muta-
tional landscape, and gene profile of the original tumor,
encompassing the genetic, epigenetic, and pharmaco-
logical heterogeneity. The rapid advancements in preci-
sion medicine, immunotherapy, and organoid technology
are paving the way for more personalized and effective
approaches to diagnosis and treatment of GC. Harness-
ing these innovations to their fullest potential promises
to enhance survival outcomes and improve the quality of
life for patients. Moreover, GC organoids can simulate
the native TME when cultured within optimized sys-
tems. Extensive evidence underscores the indispensable
role of organoids in predicting drug sensitivity, facilitat-
ing high-throughput screening, advancing novel drug
development, and unraveling mechanisms underlying
tumorigenesis and progression. These qualities position
organoids as invaluable tools for driving individualized
cancer treatments, improving therapeutic outcomes, and
tailoring interventions to the unique cancer profiles of
each patient.

While organoids hold considerable promise as pre-
clinical models, their broad application faces significant
barriers. High Cost and Labor-Intensive Culture: The
cultivation and maintenance of organoids are expensive
and require specialized techniques and materials. Vari-
able Success Rates: The efficiency of GC organoid culture
remains inconsistent and is influenced by sample quality,
operator expertise, and environmental factors, particu-
larly bacterial or fungal contamination caused by inad-
equate cleaning of tumor tissue. Lack of Standardized
Protocols: The absence of universally accepted protocols
for culturing organoids from diverse sample types—such
as resected tumors, fine-needle biopsies, lymph node
metastases, and GC cells from pleural or peritoneal
effusions—compromises reproducibility. Unclear Drug
Sensitivity Standards: A lack of defined benchmarks for
predicting drug sensitivity complicates the interpreta-
tion of experimental data. This makes it challenging for
GC patients to achieve significant benefits within a short
period. Limitations in Microenvironment Simulation:
Organoids can only replicate a simplistic immune micro-
environment while lack of vascular structures and influx
of new cells from full organism, hindering their ability
to fully simulate in vivo conditions. Additionally, evi-
dence supporting the use of PDOs for functional preci-
sion medicine in GC remains limited. Overcoming these
challenges requires sustained research and refinement

Page 19 of 25

to make organoid-based applications more feasible and
impactful in the treatment of GC.

Finally, the following concepts are envisioned for the
future development of organoids. Optimization of Bio-
logical Scaffolds and Matrix Components: Developing
scaffolds and culture media that closely mimic the human
internal environment is essential for advancing organoid
research. Moreover, reducing the cost of culturing GC
organoids is equally important. Interdisciplinary Col-
laboration: Leveraging artificial intelligence (AI) and big
data analytics can enable real-time imaging of organoids
and the integration of metabolic and genetic data, gen-
erating predictive models for disease GC behavior and
therapeutic responses. Furthermore, combining organoid
technology with 3D bioprinting can expedite GC organ-
oid development and enable efficient high-throughput
drug screening. Functional Research In Vivo: Organoids
offer promising potential in regenerative medicine, such
as in skin or liver transplantation, addressing the global
shortage of organ donors [250]. Additionally, organoids
incorporating immune microenvironments could be used
to study autoimmune disease mechanisms and evaluate
drug efficacy [100]. Expansion to Multi-Tissue Symbiotic
Systems: Investigating the interactions among multiple
organ systems, such as the gut-liver axis and the liver-
brain axis, presents a compelling opportunity to deepen
our understanding of systemic biology and the mecha-
nisms underlying complex diseases. Collectively, these
advancements hold the potential to revolutionize GC
organoid research, thereby transforming precision oncol-
ogy and extending to broader biomedical applications.
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