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Abstract: Gastric cancer (GC) presents a significant health challenge and ranks as the fifth most
common cancer in the world. Unfortunately, most patients with GC exhaust standard care treatment
options due to late diagnosis and tumour heterogeneity that leads to drug resistance, resulting in
poor survival outcomes. Potentially, this situation can be improved by personalising treatment choice.
Organoids are an emerging cell model system that recapitulates tumour heterogeneity and drug
responses. Coupled with genomic analysis, organoid culture can be used to guide personalised
medicine. The GC organoid field, however, lacks standardised methodologies for assessing organoid
drug sensitivities. Comparing results across different GC organoid studies and correlating organoid
drug responses with patient outcomes is challenging. Hence, we aim to summarise the methodolo-
gies used in GC organoid drug testing and correlation with clinical outcomes and discuss design
considerations and limitations to enhance the robustness of such studies in the future.
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1. Introduction

Gastric cancer (GC) is an important global health issue, ranking as the fourth leading
cause of cancer-related mortality worldwide, with over one million cases in 2020 [1]. GC
affects males at twice the rate of females and is more common in elderly people, with an
average onset at 68 years of age [2]. While efforts to eradicate H. pylori and advancements
in food preservation have marginally reduced GC incidence, our ageing population is
likely to result in increased GC incidence in the future [3]. Concurrently, there is a steady,
or slightly increased, incidence rate among young adults [4]. GC is a heterogeneous
disease that is mostly composed of gastric adenocarcinoma, which is further sub-classified
into intestinal, diffuse, unclassified, or intermediate types [5], with significant molecular
heterogeneity identified by The Cancer Genome Atlas (TCGA) to include EBV-positive
(EBV+), microsatellite instable (MSI), genomically stable, and chromosomally instable (CIN)
subtypes [6]. This heterogeneity of GC significantly impacts survival outcomes. Exploring
GC treatment options that can effectively mitigate the impact of GC is crucial for this poor
prognosis cohort of patients.

Standard care treatment options for GC generally include surgery combined with neoad-
juvant or adjuvant chemotherapy and/or radiotherapy, depending on the GC stage [7]. First-
line standard care treatment often includes fluoropyrimidine (5-Fluorouracil, Capecitabine)
combined with a platinum-based drug (Oxaliplatin) [8]. Second-line or high-risk dis-
ease treatment includes docetaxel and irinotecan in combinations such as FLOT (fluo-
rouracil, leucovorin, oxaliplatin, docetaxel), FOLFIRI (fluorouracil, leucovorin, irinotecan),
and FOLFOX (fluorouracil, leucovorin, oxaliplatin). For advanced disease patients with
peritoneal metastasis, pressurised intraperitoneal aerosol chemotherapy (PIPAC), where
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chemotherapy is directly administered into the peritoneum using pressurised normoth-
ermic aerosol [9], can provide a palliative option. In addition to these standard-care
chemotherapeutic options, the additional treatment modalities of targeted therapy and
immunotherapy have also emerged.

Targeted therapy involves drugs that target specific genes or proteins that are cru-
cial for cancer cell growth and survival, with minimal damage to normal healthy cells.
These include Trastuzumab for GC positive for human epidermal growth factor receptor 2
(HER2) and Ramucirumab for tumours with elevated vascular endothelial growth factor
(VEGF) [8]. Immunotherapy instead aims to boost the patient’s natural immune response
to fight cancer cells [10]. Immune checkpoint inhibitors (ICI) are a type of immunotherapy
drug that blocks the checkpoint proteins from binding to their respective ligands or recep-
tors, i.e., they work to remove the brakes on the immune system. Programmed death 1
(PD-1)/programmed cell death ligand 1 (PD-L1) inhibitors, such as pembrolizumab, are
ICIs used in microsatellite instability-high (MSI-H) or tumour mutation burden (TMB)
high patients with GC to prevent PD-1 from binding to PD-L1 [8,11,12]. Although these
options have shown satisfactory responses in MSI and EBV+ GC subtypes, 80–85% of GCs
do not respond to ICIs [13–15]. Furthermore, these therapies are not universally adopted in
standard care treatment due to variability in access and resource availability. Overall, most
patients exhaust available treatments due to late diagnosis and tumour heterogeneity both
between and within patient tumours that result in drug resistance [16–18]. Thus, the 35%,
5-year survival rate for localised GC, further decreases to 7% for advanced GC, indicating
the need for improved treatment strategies including precision medicine approaches that
can be personalised to individual tumour characteristics [19].

Next-generation sequencing (NGS) technologies enable a thorough analysis of tumour
(epi)genomics and transcriptomics, providing an in-depth understanding of the molecular
characteristics specific to each tumour [20], including TMB, a key indicator of potential
sensitivity to ICI [21]. These developments have paved the way for careful categorisation
and detection of germline or tumour-specific markers. Examples include Dihydropyrimidine
Dehydrogenase (DPYD) variants found in 3–5% of Caucasian, African American, and Asian
populations that predict poor response to 5-FU [22], and ARID1A mutations that predict
favourable overall survival outcomes to fluorouracil-based chemotherapeutics and pem-
brolizumab for PD-1 blockade [23]. Even though potential sensitivity to chemotherapeutics
and targeted therapies can be identified by tumour sequencing, clinical outcomes from
cancer treatment led purely by this static measure of genomic data have been largely inade-
quate [24]. Therefore, integrating tumour genomic profiles with functional assays, such as
in vitro models, may enhance precision medicine efforts to guide personalised treatment
strategies for GC.

Historically, cancer research relied on conventional cancer cell lines and patient-
derived tumour xenografts (PDTXs) that have been instrumental in advancing cancer
research [25]. However, there are a few major drawbacks to these methods, including
cell line adaptive changes in 2D culture, low culture success rates, and mouse studies
being both time-consuming and expensive while also involving mouse-specific tumour
evolution [26–31]. Therefore, to overcome these limitations and better understand tu-
mour characteristics and drug effects, Hans Clever’s lab in the Netherlands popularised a
powerful in vitro method called “organoids” [32].

Organoids are three-dimensional (3D) structures composed of adult stem cells or
embryonic/pluripotent stem cells [33]. They are embedded in a laminin-rich extracellular
matrix that mimics the in vivo extracellular microenvironment and supplied with a nutrient-
rich medium to promote growth. Compared to conventional tumour cell culture, organoids
can preserve genomic stability and the characteristics of the tumour from which they
were derived over extended periods [34]. Research by Fujii et al. demonstrated the
genomic stability of microsatellite-stable colorectal cancer organoids before and after long-
term culture (more than 6 months) [35]. As a cell culture model, organoids can also be
expanded, frozen, and thawed to maximise the use of organoids in experiments as required.
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Furthermore, organoid cultures can be used in different applications, including genomic,
transcriptomic, and proteomic analyses; genetic manipulation via the use of viruses and/or
clustered regularly interspaced short palindromic repeats (CRISPR/Cas9); and drug testing,
making the technique useful in both basic research and clinical studies [33].

Organoids have been extensively used in cancer research and have successfully grown
from many epithelial cancers such as breast [36,37], lung [38], and colorectal cancer [39,40].
However, research on GC organoids remains limited, hindered by small sample sizes,
moderate culture success rates, and limited testing of chemotherapeutics. Previous review
articles have extensively covered procedures for the establishment of GC organoids, identi-
fying both the challenges and strengths of this technology, which has significantly advanced
the field [33,41–44]. A detailed review of drug-testing methodologies used in GC organoid
studies is lacking. Ren et al. provided an overview of the basic technology and clinical
applications of drug screening using organoids across various cancers, including colorectal,
liver, gastric, pancreatic, and brain cancers [45]. Meanwhile, Verduin et al. emphasised
studies comparing organoid drug responses with clinical patient outcomes [46]. Yet, the
absence of standardised protocols for assessing drug sensitivity in GC organoids and the
correlation of those organoid responses with patient outcomes remains a critical gap. These
protocols vary widely among laboratories and researchers, posing challenges for comparing
results across different GC studies.

In this review, our goal is to explore the methodologies used in drug testing using
patient-derived GC organoids, focusing on correlating organoid drug responses with
patient outcomes while also briefly addressing GC organoid establishment. We aim to criti-
cally evaluate these methodologies, highlight key design considerations, discuss limitations,
and propose avenues for enhancing the robustness of such studies in the future.

2. Gastric Cancer-Derived Organoid Establishment

Briefly, GC organoids are established by mechanically disrupting GC tissue, followed
by enzymatic digestion to yield GC cells, which are seeded in an extracellular matrix (typi-
cally Matrigel) and supplied with a medium supplemented with GC growth factors [47].
The media composition varies slightly between studies as reviewed and is refreshed ev-
ery two to four days, and most studies passage organoids every two weeks to expand
the lines [48]. Schmäche et al. successfully established 64 GC and nine normal organoids,
achieving a culture success rate of 61% for both GC and normal organoid establishment [49].
Organoids were established at two study sites; the study site with the most experience in
handling GC organoids achieved a 73% culture success rate, whereas the study site with no
previous experience showed improvement over time [49]. This finding is promising, as it
reflects the feasibility of establishing GC organoids and enhanced proficiency with practice.
Furthermore, this is so far the highest number of GC organoids established in a study.
Recently, Zhao et al. achieved a culture success rate of 78% by establishing 57 GC organoid
lines from 73 patient tumour samples; however, only five organoid lines were passaged for
up to 17 passages (high growth rate), while 52 were limited to 8–9 passages (low growth
rate) [50]. A significant difference in gene expression was reported, with transcripts related
to increased proliferation and stemness (REG4, KLF4, ERBB3, HRAS, NOTCH1, and MYC)
upregulated in high growth rate organoids, while transcripts related to growth inhibition
(BAX, DKK3, TNFSF12, MCC, BNIP3, and TP53BP1) were upregulated in low growth rate
organoids [50]. However, given the majority of organoid lines (91%) in this study did not
survive past passage 10, it suggests that there may be essential components missing in the
growth media to maintain long-term growth or that some of the organoid lines may be
contaminated by normal gastric organoids, as can be indicated by cystic morphology. Both
studies make significant contributions to the expanding field of GC organoids, particularly
through their use of larger sample cohorts.
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One of the benefits of organoids over conventional cell culture is the maintenance
of tumour genomic and morphological stability for extended periods. Seidlitz et al.
cultured 20 organoid lines from surgically resected tumour tissues and maintained the
lines continuously in culture for over a year without observing any changes in growth
behaviour or morphological phenotype [51]. They also provided an in-depth analysis
of four GC organoid lines via genomic and transcriptomic analysis to identify unique
mutations present in each GC line to aid identification of potentially beneficial targeted
therapies. While most studies have generated organoids from GC tissue, Li et al. was
one of the first studies to establish all organoids from malignant ascites fluid obtained
from patients with GC [52]. They demonstrated that culturing the tumour cell pellet
with a moderate amount of the supernatant resulted in increased organoid growth and
size in comparison to completely removing the supernatant according to the standard
method [52]. Yan et al. cultured 46 GC organoid lines from 34 patients, achieving
a 50% culture success rate, and uniquely cultured multiple biopsies from the same
patient [53]. This enabled an analysis of subclones found within primary cancer and
matched organoids using Superfreq, which identified varying degrees of heterogeneity
across the tumour and metastatic lymph nodes.

A primary challenge in culturing GC organoids is controlling the overgrowth of non-
malignant organoids that occurs when identical media is used to culture both normal and
neoplastic tissue organoids [43]. Yan et al. used two methods to prevent the overgrowth
of normal organoids, including the microscopic selection of tumour organoids and the
use of Nutlin3a in growth media, to select against normal cells containing wild-type
TP53, as many GCs have mutant TP53 [53]. Nanki et al. cultured 37 GC organoid
lines and tested four alternate growth media to prevent normal organoid overgrowth
in slow-growing tumour lines. This was enabled by recognition and altered growth
media based on recurrent genetic changes found in GC and resulted in an improvement
of organoid establishment rate from 55 to 75% [54]. This methodology from Nanki
et al. provides the current, best-practice path to GC organoid culture success, although
combining alternative media with manual selection of GC organoids away from normal
gastric organoids would further elevate the technique to ensure a pure population of
GC organoids is established. A key outcome measure of these initial studies was culture
success rate; however, only a limited number reported a detailed set of culture success
metrics. Zu et al. addressed this by creating a detailed scoring system including sample
acquisition method, initial sample volume, and proportion of tumour cells in the sample
that may influence the quality of organoid line derivation [55]. Despite barriers like
the overgrowth of normal organoids and microbial contamination issues, collectively
GC organoid studies covered in Table 1 or previously reviewed [48] have reported a
promising average culture success rate of 67% in establishing GC organoids, although
not all studies address the problem of normal organoid overgrowth, and so this number
may be slightly inflated. Verification that cultured cells are tumourigenic is an important
quality assurance metric. This can be performed using the fairly time-consuming process
of transplant into immunocompromised host mice and detection of tumour formation or
more rapidly by validation of the presence of tumour-associated alterations via genomic
sequencing. The next step in the use of GC organoids for potentially improving treatment
choice decisions is to test chemotherapeutics and targeted therapy drugs to distinguish
which drugs may benefit each patient and then correlate organoid-predicted responses
with clinical outcomes (Figure 1).
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Figure 1. Schematic representation of personalised cancer treatment using GC organoids. The flow
chart depicts the establishment of GC organoids from human cancer tissue, the creation of a GC
organoid biobank, and the analysis performed (genomic sequencing and drug assays). These patient-
derived organoid drug responses can be directly compared to patient clinical responses to assess the
clinical utility of this approach and guide personalised treatment in the future.

3. Gastric Cancer Organoid Drug Testing: Summary of Current Methodologies
3.1. Patient Recruitment and Organoid Selection for Drug Assays

Since 2017, 15 studies have utilised patient-derived GC organoids to perform drug
testing, with sample sizes ranging from as few as three [56] up to 120 patients (Table 1) [49].
Schmäche et al. recently expanded patient recruitment to include esophagogastric junc-
tion (EGJ) adenocarcinoma patients alongside patients with GC, resulting in a large study
cohort of 120 patients [49]. The inclusion of organoids derived from the esophagogas-
tric junction (EGJ) and stomach leverages their shared epithelial cell biology to facilitate
increased patient recruitment while maintaining biologically consistent and clinically rel-
evant drug screening [33]. While most GC organoid studies collected tumour samples
during surgical resection, successful organoid establishment has also been achieved from
tissue biopsies and ascites fluid [52]. A few studies have recruited treatment-naïve patients
to allow assessment of organoid drug responses in the absence of acquired resistance to
chemotherapeutics [49,50,53,56,57], with the largest of these generating 53 organoid lines
from treatment-naïve patients [50].

An underreported aspect of GC organoid drug testing is the assessment of culture
quality. This includes an evaluation of whether there is minimal contamination by normal
gastric organoids and sufficient organoids for independent, replicated drug tests. The
Vlachogiannis et al. study performed a variant allele frequency assessment to validate
cancer cell populations rather than normal cells within organoids [39]. The culture quality
metrics of Zu et al. were described previously, and only organoid lines with adequate
expandability scores progressed to drug testing assays [55], whereas other studies focused
on organoid lines capable of undergoing multiple passages for drug testing [50,58]. We
suggest that future studies use PDOs with sufficient expansion capacity for drug testing,
with the amount determined by the number of drugs being tested and the layout/size of
the screening setup, and that genetic sequencing be utilised to assess the tumourigenicity
of all PDOs and to confirm that they accurately represent the original patient tumour. This
validation is crucial for ensuring that organoid responses model tumour responses and
can effectively inform patient outcomes. Despite most studies featuring low numbers
(3–13) of GC organoid lines, one study established 64 organoid lines, with 40% (26 lines)
undergoing FLOT chemotherapy testing in conjunction with a clinical response assessment
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to evaluate clinical utility [49]. This was similar to a recent study where 57 patient-derived
GC organoid lines were successfully established, and 41 lines were drug-treated using six
single and one combination chemotherapeutic regimens [50].

Table 1. Overview of patient recruitment, the efficiency of organoid culture establishment, and drug
testing in GC organoid studies.

Year Author Tissue Acquisition Tumour Site Histology (Lauren
Classification)

Total GC
Organoids
Established

Efficiency of GC
Organoid

Establishment

Total GC
Organoids Drug

Tested

2018 Gao M et al. [58] Endoscope/Surgery Stomach/MS N. R 15 N. R N. R

2018 Vlachogiannis G
et al. [39] Endoscope GOJ/MS

(liver/peritoneum) Intestinal/Diffuse 5 N. R 5

2018 Yan H et al. [53] Surgery Stomach Intestinal/Diffuse 34 50% 9 from 7 patients

2019 Seidlitz T et al. [51] Surgery Stomach/GOJ/MS
(lung) Intestinal/Diffuse/Mixed 20 N. R 4

2019 Steele NG et al. [29] Surgery Stomach Intestinal/Diffuse/Mixed 7 N. R 6

2019 Li J et al. [52] Ascites puncture MA N. R 11 92% # 7

2022 Miao X et al. [56] Surgery Stomach N. R 3 N. R N. R

2022 Li G et al. [59] Surgery Stomach N. R 12 46% 4

2023 Yoon C et al. [57] Endoscope GOJ/stomach N. R 13 54% 13

2023 Zhang H et al. [60] Surgery Stomach N. R 30 80% ~5

2023 Zu M et al. [55] Surgery Stomach Intestinal/Diffuse/Mixed 12 92% # 12

2023 McDonald H et al.
[61] Endoscope Stomach Intestinal/Diffuse/Mixed 8 53% 2

2024 Xu J et al. [62] Surgery Stomach Intestinal/Diffuse/Mixed 21 60% (both GC
and normal) 5

2024 Schmäche T et al.
[49] Endoscope Stomach/GOJ Intestinal/Diffuse/Mixed 64 61% (both GC

and normal) 26

2024 Zhao Y et al. [50] Surgery Stomach Intestinal/Diffuse/Mixed 57 78% 41

2024 Chen G et al. [63] Surgery Stomach Intestinal/Diffuse 28 56% N. R

N. R not reported; GOJ, gastroesophageal junction; MS, metastatic sites; MA, Malignant ascites; #, noting that
cystic, normal-like morphology of organoids in the studies may suggest that the % is slightly inflated.

3.2. Duration of Drug Treatment

Following GC organoid dissociation and plating, most studies initiated drug treatment
three days post-seeding of cells (range 24 h to five days) (Table 2) [39,52,57,59]. Treat-
ment duration commonly ranged from two to six days [39]; however, Li et al. extended
treatment of ascites-derived GC organoids with mono-chemotherapeutics out to 10 days,
then removed drugs from the culture medium and assessed organoid recovery up to day
18 [52]. This method attempts to measure the recovery of drug-resistant populations, but
the clinical validity of this approach remains to be tested with paired patient response
data. While the field awaits larger studies reporting GC organoid drug responses and
clinical outcomes to standardise these procedures, future studies could aim to initiate drug
treatment 2–3 days post-seeding and continue treatments for 4–6 days. These protocols
align with the GC organoid studies that have validated PDO drug responses against clinical
outcomes thus far.

Table 2. Summary of chemotherapy and targeted drugs tested on GC organoids.

Year Author
Days Post-Seeding
When Drugs Were

Administered *

Number of Days
Drug-Treated

Single Chemotherapeutics
Tested

Combination
Chemotherapeutics

Tested

Targeted Therapeutics
Tested

2018 Gao M et al. [58] 2 2 Cisplatin, oxaliplatin,
and irinotecan N/A N/A

2018 Vlachogiannis G et al.
[39] 3 ~6–8 5FU, irinotecan,

oxaliplatin, etc. 5FU+ cisplatin Regorafenib, Lapatinib,
Erlotinib, etc.

2018 Yan H et al. [53] 1 6 5FU, carboplatin,
doxorubicin, etc. 5FU + cisplatin Afatinib, Alpelisib,

Crizotinib. Etc.
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Table 2. Cont.

Year Author
Days Post-Seeding
When Drugs Were

Administered *

Number of Days
Drug-Treated

Single Chemotherapeutics
Tested

Combination
Chemotherapeutics

Tested

Targeted Therapeutics
Tested

2019 Seidlitz T et al. [51] 1 1–3
5-FU, oxaliplatin,

irinotecan,
Epirubicin, and docetaxel

5FU + trastuzumab Trastuzumab, palbociclib,
and imatinib

2019 Steele NG et al. [29] Unknown 2 Epirubicin, oxaliplatin,
and 5FU

Epirubicin +
oxaliplatin + 5FU

Mubritinib (as
a combination)

2019 Li J et al. [52] 3 ~9

Oxaliplatin, 5-FU,
cis-platinum, docetaxel,

irinotecan,
Epirubicin, and paclitaxel

N/A N/A

2022 Miao X et al. [56] 1 4 Paclitaxel, oxaliplatin
and 5FU N/A N/A

2022 Li G et al. [59] 3 3
5-FU, oxaliplatin,
irinotecan, and

docetaxel
N/A N/A

2023 Yoon C et al. [57] 3 4 5FU FLOT and FOLFOX N/A

2023 Zhang H et al. [60] Unknown 3 5FU N/A Trastuzumab

2023 Zu M et al. [55] 4 3
5FU, oxaliplatin, cisplatin,

irinotecan, paclitaxel,
docetaxel, epirubicin, etc.

N/A
Entrectinib, Larotrectinib,

DS-8201, and
trastuzumab

2023 McDonald H et al. [61] 2–3 2 N/A
ECF,

FLOT, FOLFIRI,
and FOLFOX.

N/A

2024 Xu J et al. [62] 2 4 5-FU, paclitaxel, oxaliplatin,
irinotecan, and epirubicin N/A

Napabucasin, afatinib,
erlotinib, trametinib,

flavopiridol, etc.

2024 Schmäche T et al. [49] 1 6 5-FU, oxaliplatin
and docetaxel FLOT N/A

2024 Zhao Y et al. [50] 1 6
5-FU, oxaliplatin, cisplatin,

paclitaxel, doxorubicin,
and irinotecan

5-FU + oxaliplatin N/A

2024 Chen G et al. [63] Unknown Unknown 5-FU + oxaliplatin +
docetaxel 5-FU + veliparib Veliparib

* Post-seeding day references vary between studies; some begin with day 0, others with day 1, leading to
differences in how days are described (e.g., “2nd day” versus “2 days post-seeding”), N/A not applicable.

3.3. Measurement and Analysis of Drug Sensitivity in Organoids

Following the treatment of GC organoids with chemotherapeutics or targeted drugs,
cell viability has typically been measured using CellTiter-Glo (Promega, Madison, WI,
USA), Resazurin, or formazan dye assays. Image-based analysis of changes in organoid
morphology, size, and quantity has also been used and can be very cost-effective [56,60].
Most GC organoid drug assays have been conducted with three technical replicates, with
independent biological replicates uncommon but exhibiting high correlation when per-
formed over two passages of the same line (Pearson correlation R2 > 0.87) [50,53]. Nearly all
GC organoid studies used GraphPad Prism software (5.0, 8.0, 9.0 or 10.0) to analyse drug re-
sponse data, with data normalised to the vehicle control and presented as a dose–response
curve. In general, fairly standard methods are used to assess cell viability and present drug
sensitivity data across GC organoid drug treatment studies to date.

3.4. Composition of Chemotherapeutic Drugs Being Tested

Most GC organoid studies investigated treatment with single chemotherapies com-
monly used in the treatment of primary or advanced GC, including 5FU, oxaliplatin,
cisplatin, doxorubicin, irinotecan, paclitaxel, epirubicin, and docetaxel (Table 2). Some
also included alternative chemotherapeutic drugs that are not commonly used in standard
care practice, such as hydroxy camptothecin, vincristine, pirarubicin, semustine, nimustine,
and etoposide (Table 2) [39,53,55,63]. The drug concentrations used to treat GC organoids
varied in each study, with most studies using a concentration range that spans therapeutic
dosing [39,49,51–53,59]. Occasionally, a few studies used single drug doses that far exceed
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the Cmax value of the drug obtainable in a patient, calling into question the translational
validity of the results obtained [56].

Patients with GC are usually treated with combination therapies; however, only a
few studies have concurrently treated GC organoids with combination regimens, and yet
again, there is no standardised protocol. For example, Vlachogiannis et al. used equimo-
lar (1:1) dosing of cisplatin to 5-FU to treat GC organoids over a concentration range
(0.06–4 µM) and identified a ~10-fold difference in the drug concentration required to
inhibit organoid cell growth by 50% (GI50) in organoids derived from a chemo-sensitive
and a chemo-resistant patient [39]. In comparison, Yan et al. used drug doses that
mimicked the concentration of each drug in the plasma of patients treated with 5-FU
(2.46 µM) and cisplatin (11 µM) alone. Using this method, organoid responses to com-
bined 5-FU/cisplatin treatment correlated with clinical response for two patients where
tumour response was measured via PET-CT scans [53]. Steele et al. used a different
approach in performing combination regimen testing, treating GC organoids with a
combination of epirubicin, oxaliplatin, and 5-FU using IC50 drug concentrations calcu-
lated for each drug on each organoid line [29]. This resulted in the use of 5-FU doses
above those obtainable in the plasma of patients. The correlation to clinical response
was limited to 2 organoid lines, of which the in vitro response of only one line mirrored
the patient’s clinical response [29]. Schmäche et al. investigated organoid sensitivity to a
more common chemotherapeutic regimen, FLOT, by calculating the mean IC50 value
for each chemotherapeutic alone across a panel of GC organoid lines [49]. Organoids
derived from patients who were not responsive to FLOT were the least sensitive to FLOT
in vitro in this study [49]. In clinical settings, FLOT is typically administered in a ratio of
5-FU–Leucovorin–oxaliplatin–docetaxel at 52:4:1.7:1, respectively [64]. Yoon et al. used
the ratio method to treat organoids with FLOT, i.e., the concentration of each drug in
the combination was designed to mimic the ratio administered to patients [57]. McDon-
ald et al. also tested four different combination therapies: FLOT, FOLFIRI, FOLFOX,
and ECF (epirubicin, cisplatin, and 5FU) using the ratio method and found one GC
organoid line was most sensitive to ECF, while a second was most sensitive to FLOT [61].
Coincidentally, the patients from which these organoids were derived received the
drug combination to which their organoids were most sensitive and showed no evi-
dence of recurrence for three years following gastrectomy [61]. Overall, GC organoid
responses to combination drug treatment in vitro across these studies were similar to
patient responses. However, only a very small number of patients with known clinical
response data were included, thus confirmation of the predictive utility of GC organoid
drug testing in the clinic awaits further testing in larger patient cohorts. Concurrently,
it is essential to standardise methods when treating PDOs with chemotherapeutics.
Utilising a concentration range that spans therapeutic dosing is crucial for both mono-
chemotherapeutics and combinations. Additionally, when conducting combination
chemotherapy regimens on PDOs, agents should be added together instead of evaluat-
ing the responses of these agents individually, as this requires a smaller amount of GC
organoid starting material to speed up the process [65].

3.5. Testing Molecularly Targeted Therapies

A handful of studies tested the sensitivity of GC organoids to molecularly targeted
drugs, ranging from the evaluation of 1–3 drugs in clinical use for GC to investigational
panels of over 30 targeted drugs [53,62,63]. Many provided convincing evidence that GC
organoids can predict responses to targeted therapies by confirmation of known sensi-
tivities aligned with the underlying molecular targets of the therapy [29,51,55,60,62]. For
example, Steele et al. pretreated GC organoids with mubritinib (HER 2-inhibitor) at varying
concentrations (0–200 mmol/L) for 2 h prior to treating with individual chemotherapeutic
drugs epirubicin, oxaliplatin, or 5-FU [29]. Pre-treatment with mubritinib enhanced the
sensitivity of chemotherapy-resistant, HER2-positive organoid lines to chemotherapeutic
agents, resulting in reduced IC50 values compared to HER2-negative lines [29]. Similarly,
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GC organoids containing an ARID1A mutation were more sensitive to ATR inhibitor VE822,
a known synthetic lethal combination [66]. Such studies have the potential to inform the
development of novel therapeutic agents and suggest potential tumour-specific sensitivities
for patients with GC.

4. Methods of Comparing Organoid Drug Response to Patient Response in the Clinic

One of the primary goals of organoid drug testing is to assess its clinical usefulness in
guiding precision medicine by comparing organoid responses with patient responses to
the same drugs. Unlike limited studies in other cancers, to date, there are no reports of GC
organoid studies that have prospectively changed patient treatment based on organoid test-
ing. Here, we highlight differing approaches used by researchers to compare GC organoid
drug responses retrospectively to patient clinical responses (Figure 2). Yan et al. reported
anecdotal data from three patients using PET/CT scan results and compared these to the
cell viability data of organoids [53]. In contrast, Steele et al. used Becker’s criteria to
assess patient responses to oxaliplatin, epirubicin, and 5-FU and compared these with the
percentage of dead cells following drug treatment of corresponding patient-derived GC
organoid lines [29]. The four-tiered Becker’s histopathological tumour regression grade
method evaluates patient response based on the percentage of remaining tumour tissue
after treatment [67]. Of the seven patient-derived organoid lines, comparison with clinical
treatment response was only possible for two lines. One showed the highest percentage
of dead organoids when treated with oxaliplatin, epirubicin, and 5-FU, correlating with
a near-complete pathological response in the patient. In contrast, the other PDO was
relatively sensitive to treatment, which is inconsistent with the patient’s lack of response to
chemotherapy [29]. This discrepancy was explained by the lack of immune components in
PDOs and that the patient may have high levels of infiltrating myeloid suppressor cells that
suppress T cell activation and can lead to poor tumour response. In the future, this may be
addressed with the inclusion of immune cell populations in coculture with PDOs [68]. With
a similarly limited number of patients with treatment response data, Vlachogiannis et al.
compared five metastatic GC organoid responses with corresponding patient responses
using Response Evaluation Criteria in Solid Tumours (RECIST) [39]. This included creat-
ing organoid lines before and after paclitaxel treatment from a patient that was initially
paclitaxel-sensitive, with the corresponding pre-treatment organoids more sensitive (lower
IC50) to paclitaxel than organoids generated at progression, or organoids from two other
paclitaxel-resistant patients, consistent with acquired resistance [39]. Understandably, no
metrics were given in these seminal early studies to define the level of organoid viability
reduction that may predict a patient response, given the small number of patients with
clinical response data included.

More recently, Zhao et al. used progression-free survival (PFS) per RECIST [69] to
assess the response to 5FU: oxaliplatin treatment for 12 patients with GC. The 6.05 month
median PFS from the chemotherapy alone group of the CheckMate 649 trial in patients
with advanced GC, gastro-oesophageal junction, and oesophageal cancer [50] was used
to dichotomise patients in their cohort into those with ‘poor’ clinical response (recur-
rence within 6.05 months, 1/12 patients) versus ‘good’ response (no recurrence within
6.05 months, 11/12 patients) [50]. AUC values from 5FU: oxaliplatin organoid treatment
was used to categorise organoids as resistant (AUC > 50%) or sensitive (AUC < 50%),
with all 12 GC organoid lines reported as sensitive to treatment. As such, the correlation
between clinical and organoid response to treatment was high (11/12 patients), although
further granular detail on the methodology for generation of normalised organoid AUC
data and utility of the data to predict relative time to recurrence within the cohort would
be informative but was not reported [50].
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Figure 2. Summary of patient to organoid drug response correlation in GC studies. Patient-derived
organoids were treated using various chemotherapeutic and targeted drugs, and responses were
evaluated by their cellular responses (cell viability, proliferation, and death percentage) and morpho-
logical changes. In contrast, patient clinical responses were evaluated using pathological assessments,
imaging, and tumour-specific markers. Patient clinical responses and organoid responses to drug
treatment were compared to evaluate the utility of using organoids as a pre-clinical model to guide
personalised chemotherapy in GC studies [29,39,49,50,53,55–58]. N.R. not reported.

In a recent pivotal study, Schmäche et al. generated organoids from pre-treatment
primary tumour biopsies from patients with esophagogastric cancer (n = 13 exploratory
cohort, n = 13 validation cohort with matched clinical response data). Patient clinical
response to neoadjuvant FLOT was subsequently categorised using Becker’s method into
responders (Becker 1a and 1b) and non-responders (Becker 2 and 3) [49]. In vitro, organoid
response to combination FLOT treatment was assessed using relative AUC values from
organoid dose–response curves [49] and compared to clinical response. A threshold AUC
value was applied that correctly predicted FLOT response in all patients in the exploratory
cohort. Excitingly, using this methodology and the AUC threshold value enabled the
differentiation of responders from non-responders to FLOT in the validation cohort with
high sensitivity (90%), specificity (100%), and accuracy (92%) [49]. Of note, the predictive
value of in vitro combination treatment of organoids with FLOT outperformed treatment
with individual agents from the FLOT regimen. This is the largest study to date with
matched clinical response data and one of the few studies with detailed metrics to enable
evaluation of the predictive ability of organoid drug testing.

Studies comparing organoid and patient drug responses have primarily relied on
imaging or pathological reports for patient evaluation, alongside metrics like AUC from
dose–response curves or cell viability percentages for organoid response evaluation. As
the field matures, this highlights the necessity for standardised approaches in assessing
patient responses through pathology or imaging and evaluation of organoid drug responses.
Moreover, larger organoid cohorts are essential to accurately gauge the predictive capability
of organoids to guide clinical treatment decisions.
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An important aspect to explore is also the timeliness of drug assay result production
using PDOs, as this is crucial to guiding individualised treatments. While initial studies
did not specify the time required to expand GC PDOs and deliver drug results, more
recent research has started to offer some insights. From the few recent studies, organoid
drug screening was achieved within 2–3 weeks; however, it remains unclear whether
this timeframe includes the entire duration for testing all drugs and if it accounts for the
time needed for sample processing and expansion [49,50,53,57]. Studies involving other
organoid models have successfully utilised fully automated robotic systems to conduct drug
assays [70,71], which could help reduce expansion time, reduce the number of organoids
required in smaller plating volumes, minimise the need for Matrigel to decrease costs and
variability, and enhance reproducibility.

5. Limitations and Future Directions

GC patient recruitment for organoid studies has improved markedly in the past decade,
with a recent study recruiting more than 100 patients [49]. This expansion and inclusion
of multiple study sites globally covering a variety of racial backgrounds is promising and
will lead to enhanced diversity and representation in patient cohorts. However, the GC
organoid culture success rate remains relatively low (67%) due to factors such as culture
contamination, normal organoid overgrowth, and limited starting tissue [48], which needs
to be taken into account in the design of new studies. Methodological improvements should
continue to be integrated into current platforms, including automation and matrix formu-
lations, to improve variability and reduce starting organoid material requirements [72].
Similar to calls in other areas of organoid research, the GC organoid field lacks standardised
culture quality metrics to ensure consistency, reliability, and comparability of research
outcomes across different studies and laboratories [73].

Thus far, GC organoids have primarily been treated with a limited number of standard-
care chemotherapeutics and targeted drugs, while GC organoid treatment with combination
chemotherapeutic regimens remains much lower. Current studies have used various
methods to perform combination drug testing, with inconsistencies in the definition of
drug sensitivity or resistance across organoid lines and patients due to varied metrics used
in different studies. Despite this, most organoid combination treatment responses appear
consistent with clinical treatment responses; however, the limited number of patients in
these studies to date makes it challenging to standardise to a single approach currently,
although recent reports are leading the way [49]. These limitations highlight the need
for GC organoid studies with larger patient cohorts, linked clinical treatment response
data, detailed organoid culture quality scoring, and in vitro treatment response metrics to
enable meaningful evaluation of the efficacy of patient-derived organoids in predicting
drug treatments in vivo. In the future, the incorporation of additional immune and stromal
cell populations into organoid methodologies is challenging but may enable response
prediction for therapies targeting the tumour microenvironment [74,75].

6. Conclusions

In recent years, GC patient-derived organoids have shown improved efficiency in
culture success rates and drug screening with much refined techniques. However, the
current studies are limited in their sample numbers and lack standardised protocols to
perform drug testing, making it challenging to evaluate the efficacy of organoids in pre-
dicting patient responses. By addressing these limitations, researchers can further advance
the GC organoid field, aiding in high-throughput drug screening approaches to guide
personalised treatment.
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