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KEY WORDS Abstract Cancer immunotherapy, which harnesses the patient’s own immune system to target malig-
nant cells, has shown remarkable promise in reducing tumor burden and extending survival. However, the
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Immunotherapy; alized medicine. Organoids, three-dimensional (3D) “mini-organs” derived from individual patients that

Drug discovery faithfully recapitulate the structural, molecular, and gene expression profiles of primary tumors along
with their complex TME in vitro, have emerged as powerful tools for patient-specific drug screening
and therapeutic strategy development. Their versatility has led to widespread adoption across both clin-
ical and basic cancer research. However, a key limitation of traditional organoid models is their lack of
immune system components. Recent years have seen significant efforts to address this challenge through
the integration of immune cells with organoids, aiming to create more physiologically relevant models.
This review describes 3D culture methods for immunocompetent organoids, explores organoid—immune
cell interactions, and discusses their applications in cancer immunotherapy and drug screening, along
with recent advances in related clinical studies.
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1. Introduction

Malignant diseases continue to rank among the primary factors
contributing to worldwide death, with both incidence and fatality
rates on the rise!. Immunotherapy has transformed the treatment
of cancer within the last ten years®. The introduction of
checkpoint-targeting immunotherapies has transformed oncology,
showing remarkable effectiveness across a wide range of cancers”.
However, despite the unprecedented success of these therapies,
only a small subset of cancer patients has experienced significant
benefits*. Treatment resistance, both intrinsic and acquired, is
often linked to the presence of tumor heterogeneity”. The tumor
microenvironment (TME) is a complex, evolving system con-
sisting of heterogeneous cancer cells, stromal cells, secreted fac-
tors, and extracellular matrix (ECM) components6. It reduces the
effectiveness of immunotherapy by suppressing immune function
and promoting tumor growth through intricate cellular, molecular,
and metabolic networks’. While conventional cell culture and
animal models have been foundational in cancer research, they
still have several limitations®!''. For instance, traditional two-
dimensional (2D) cancer cell lines are difficult to maintain over
the long term and fail to fully replicate the interactions between
tumor cells®. Additionally, they are prone to genetic drift®. Animal
models face their own set of challenges, including high costs, time
requirements, technical difficulties, and issues with immuno-
compatibility’'". Consequently, there is an urgent need for dy-
namic, generalized modeling systems that can provide deeper
insights into the TME, advancing preclinical research and
improving immunotherapy strategies.

Organoids are defined as three-dimensional (3D) in vitro cul-
tures formed from stem cells, organ-specific progenitor cells, or
tumor tissue-isolated cells through self—organization”"3. As
“miniature organs in a dish” organoids serve a key function in
pharmacological research, especially in areas like novel drug
discovery and efficacy prediction”. In 2022, the Food and Drug
Administration (U.S. FDA) approved a clinical study
(NCT04658472) for the first new drug to enter clinical trials based
entirely on preclinical data from “organ-on-a-chip” models'*.
Organoids have now been successfully developed for a wide range
of human tumor types, including lung!®, breast'®, colon'’,
gastric's, bladder'g, ovarian~ cancers. Unlike conventional 2D
cancer cell cultures and animal models, tumor organoids are
quicker to generate, better preserve tumor characteristics, provide
broader amplification of the tumor genome, and maintain long-
term stability'""'®. They also facilitate the creation of biobanks

and enable high-throughput screening (HTS)'"*'® (Table 1). Tumor
organoids are increasingly used as high-throughput platforms to
study tumor genomic and phenotypic heterogeneity, as well as the
ecological niche of the TME?'. They are also valuable for testing
and developing emerging immunotherapies®. Despite these ad-
vantages, an important limitation of conventional organoid cul-
tures is the shortage of immune components® . Recent research
has focused on integrating immune cells with organoids, under-
scoring the necessity for a comprehensive review of the latest
advances in this rapidly evolving field**2¢.

Immune organoids are advanced 3D culture systems that
integrate immune components, reconstruct tissue architecture, and
model immune interactions, serving as a physiologically relevant
platform for investigating immune responses and therapeutic in-
terventions'>22°. This review summarizes the research progress
of immune organoids, with a focus on their construction and
cultivation methods. Recent studies have highlighted the utility of
co-culture models to investigate tumor—immune interactions, of-
fering valuable insights into the TME>*?°. Immune organoids
represent a promising preclinical model for cancer immuno-
therapy, offering capabilities to evaluate immunotherapy potential,
support drug screening, identify novel antigenic targets, advance
immunotherapeutic strategies, and inform personalized treatment
approaches®®. The review concludes with a detailed analysis of
immune organoids evaluated in clinical cancer trials.

2. Construction and cultivation of immune organoids

Organoid technology is advancing from traditional tumor models
to more sophisticated immune organoids, aiming to better capture
the intricate relationships that exist between tumors and the im-
mune system26. Tumor organoids derived from patient tissues or
engineered through CRISPR modification form the basis for
developing immunocompetent models***!. The incorporation of
immune elements into these organoid systems represents a sig-
nificant advancement in studying tumor immunology and evalu-
ating responses to immunotherapy'*°.

To better preserve the structural characteristics of tumor tissue
in vitro and more accurately mimic the in vivo TME, various
culture systems have been developed, including submerged™?, air-
liquid interface (ALD®, and 3D microfluidic** models. In sub-
merged culture, tumor cells are embedded in a 3D ECM and
incubated with customized growth factor supplements®> (Fig. 1).
The ECM can consist of materials such as Matrigel, collagen,
hydrogels, or basement membrane extract type 2 (BME2)*%. ALI

Table 1  Comparison among 2D cell culture, organoid and animal model.
Item 2D cell culture Organoid Animal model
Physiology structure Limited Similar Similar
Gene phenotype Similar, genetic drift Similar Similar
occurs in long-term cultures
HTS Practicable Practicable Limited
Biobanking Practicable Practicable Practicable, but only at cellular level
Cost Low Middle High
Establishment time Short Middle Long
Treatment responses Limited Accurate Accurate
Modeling human immune system Limited Similar Similar, but merely offers a mouse
physiological environment
Modeling cellular communications Similar Similar Limited

HTS, high-throughput screening.
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culture involves embedding the tissue in a collagen matrix,
exposing it to air, and placing a medium containing the desired
growth factors in an outer dish*®. The medium then passes through
a permeable membrane into a transwell. In 3D microfluidic sys-
tems, tissue is grown in a central zone surrounded by parallel
channels that transport nutrients and remove metabolites®*.
Additionally, microfluidic-based technology facilitates the con-
struction of micro-organospheres (MOSs), enabling the rapid
generation of large numbers of MOSs from minimal tissue input®>.

Conventional submerged Matrigel-based patient-derived orga-
noids (PDOs) often fail to maintain stromal components, focusing
primarily on epithelial carcinoma cells>’. As a result, the co-culture
of immune cell types is crucial for accurately recapitulating the TME
in these models®*. In contrast, 3D microfluidic and ALI cultures can
maintain both tumor epithelium and native immune components as
part of an integrated ecosystem without the need for reconstitu-
tion®"*¢. Single-cell RNA sequencing of multiple samples showed
that a substantial portion of tumors in ALI organoid cultures
remained in their original state, preserving a range of immune ele-
ments such as T cells, B cells, NK cells, and macrophages”’.
Immunofluorescence and confocal imaging further demonstrated
that the cellular environment in 3D microfluidic cultures closely
matched the tumor and stromal cell ratios, as well as the activation
status typically observed in vivo within the mammary TME®®, This
model successfully incorporated major cellular components of the
in vivo mammary TME, including macrophages, T cells, fibroblasts,
and epithelial cells®®. At present, two distinct strategies have been
developed for modeling the TME in organoids. The reconstituted
TME approach (RTa) adds exogenous stromal cells to conventional
submerged stromal gels to study specific cell—cell interactions in
systemic TME®. The native TME approach (NTa) maintains and
expands endogenous stromal cells in ALI and 3D microfluidic
(including MOSs) media to investigate complex crosstalk between
multiple distinct cell populations in vivo™ (Fig. 2).

3. Immune organoids for exploring the TME

Immune cells within tumors include those that mediate adaptive
immunity, such as T cells, natural killer (NK) cells, and B cells, as
well as effectors of innate immunity, such as neutrophils,

macrophages, and dendritic cells (DCs)>’. These immune cells can
influence tumor growth and therapeutic responses by directly
interacting with tumor cells or indirectly releasing chemokines
and cytokines”’. Cancer cells, as the central component of TME,
not only exhibit significant heterogeneity in their molecular and
phenotypic characteristics, but also actively shape the immune
landscape through direct cell—cell contacts and secretion of
various factors’’ =%, These factors not only convert anti-tumor
immune cells into a pro-tumoral phenotype but also recruit
immunosuppressive cell populations, which may significantly
contribute to resistance to immune checkpoint blockade (ICB)
therapy®’®. Immune organoids provide important insights into
studying cancer cell heterogeneity and their interactions with
immune components®®. Studies have shown that immune orga-
noids cultured in 3D microfluidic systems successfully maintain
their primary cellular constituents, including various phenotypic
cancer cells®®. These cancer cell subpopulations exhibit distinct
molecular characteristics, which may influence their interactions
with immune cells*®. Therefore, accurately mimicking the intri-
cate relationships between tumor cells and their environment is
crucial for advancing novel treatment strategies’®. This section
summarizes key studies on various organoid culture platforms
used to study tumor—immune cell interactions within the TME
(Fig. 3 and Table 220336,

3.1. T cells in immune organoids

Recent studies have developed tumor organoid—T cell co-culture
platforms that not only recapitulate T cell-mediated cytotoxicity
through direct contact and cytokine secretion but also enable HT'S
for immunotherapy evaluation and drug discovery®”**. T cells
achieve specific recognition and killing of tumor cells through
cytotoxic effector functions and cytokine production’”.

To better replicate the immunological function of T cells in
organoids, researchers have developed co-culture systems
combining tumor organoids with circulating immune cells®.
Tumor-reactive T cells can not only be expanded using tumor
organoids, but their activity against matched tumor cells can also
be assessed*’. The incorporation of effector T cells derived from
peripheral blood into patient-derived cholangiocarcinoma (CCA)
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Figure 2  Different methods for constructing the immune microenvironment in tumor organoids. TME can be constructed in organoids by two

routes. The reconstituted TME approach is by co-culturing isolated and/or expanded exogenous immune cells (e.g., autologous peripheral blood
cells) with tumor organoids, typically submerged and cultured within Matrigel or in suspension. Moreover, MOSs can be fabricated through
microfluidic techniques by encapsulating sparse tumor and stromal cell populations within ECM droplets, followed by cultivation in nutrient-rich
media. The native TME approach involves the generation of organoid models capable of maintaining and expanding native immune cells by
cultivating enzymatically cleaved or physically excised tumor fragments. This approach includes 3D microfluidic culture and ALI culture.

organoids demonstrated that both CD4" and CD8™ T cells could
induce apoptosis in tumor organoids through direct contact or
secretion of cytokines like tumor necrosis factor-a (TNF-«) and
interferon gamma (IFN-y)*’. Additionally, significant heteroge-
neity was observed in the expression of co-inhibitory and co-
stimulatory molecules, as well as RNA expression, in CCA
organoids following both direct and indirect interactions with
immune cells*’. These discoveries may help to assess the efficacy
of novel immune checkpoint inhibitors (ICIs) or inform the
development of personalized ICIs treatment regimens™.

The organoid platform enables HTS of T cells for tumor-
killing efficiency*'*?. Experiments using microfluidic microwell

arrays have facilitated high-throughput studies of the heteroge-
neity in immune-tumor cell interactions*'. These studies revealed
heterogeneity in T-cell cytotoxicity efficiency and temporal dy-
namics of target cell elimination at the single-cell level*'.
Furthermore, tumor cell killing activity and tumor antigen pre-
sentation can be assessed through interactions between autologous
tumor cells and tumor-specific cytotoxic T cells derived from
peripheral blood*?. In this study, screening revealed that the
epigenetic inhibitors BML-210, CUDC-101, and GSK-LSDI1
exhibited anti-tumor activity in tumor organoids, suggesting that
the tumor-organoid-T-cell platform enables standardized mea-
surements of tumor cell killing activity*?.
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Behavior of various immune cells in TME studied with immune organoids. (A) Effector T cells secrete IFN-y and TNF-« to tumors to

induce tumor cell apoptosis. (B) B cells bind to T cells through MHC II molecules and CD4 molecules, activating T cells, which exert cytotoxicity
by secreting IFN-y. (C) NQO1-deficient tumor cells secreted PPIA that activated neutrophils by binding to CD147, which in turn induced NET
formation and release of NE and MMP-9. (D) Activated NK cells scientific research induces tumor apoptosis by activating the receptor NKG2D-
MICA/B with simultaneous release of IFN-y. (E) DCs exhibit decreased expression of MHC molecules and co-stimulatory molecules (CD8O0,
CD86) in an immunosuppressive microenvironment of high lactate and low glucose, resulting in decreased antigen presentation. (F) M2 mac-
rophages release IL-10 and TGF-{ to produce immunosuppressive effects on T cells and promote tumor growth. (G) CAFs secrete cytokines and
chemokines in the microenvironment, which affect tumor cell migration and invasion. (H) Endothelial cells secrete MCP-1, IL-8, and CXCL16,

inducing tumor invasion and metastasis.

Table 2  Overview of the possibilities of studying various immune cells in different tumor organoids.
Cell type Cell source Co-culture type Tumor category Ref.
T cells PBMCs, CD3" T, OHI-T, CD8* T NTa, RTa NSCLC, AML, CCA, BC 39—42
B cells PBMCs NTa, RTa DLBCL, CRC 43,44
Neutrophils PBMCs NTa, RTa OC, BA 20,45
NK cells PBMCs NTa, RTa pedCA, CRC, BCa 46—48
DCs mBMC NTa PDAC 49
TAMs THP-1, PBMCs NTa, RTa PDAC,BC, MM, OC, Mel 50—52
CAFs mPSC, hCRC-TS RTa, NTa PDAC, CRC 53,54
ECs HUVEC RTa HCC, PDAC 55,56

NTa, native TME approach; RTa, reconstituted TME approach; AML, acute myeloid leukemia; BCa, bladder cancer; NSCLC, non-small cell lung
cancer; BC, breast cancer; DLBCL, large B cell lymphoma; CRC, colorectal cancer; pedCA, pediatric cancer; MM, multiple myeloma; Mel,
melanoma; PBMCs, peripheral blood mononuclear cells; GC, gastric cancer; PDAC, pancreatic ductal adenocarcinoma; OC, ovarian cancer; BMC,
mouse bone marrow cells; mPSC, mouse pancreatic stellate cells; hCRC-TS, human colorectal cancer tumor specimens; HUVEC, human umbilical

vein endothelial cells.

3.2. B cells in immune organoids

Recent advances in organoid technology have enabled the devel-
opment of various pan-cancer and lymphoid tissue models that can
recapitulate complex B cell functions and evaluate immuno-
therapy responses***. As crucial components of tertiary

lymphoid structure (TLS), B cells enhance anti-tumor immune
responses through multiple mechanisms, including antigen pre-
sentation, cytokine secretion, and antibody production®®.
Organoids provide a valuable platform for studying B cell
responses in health and disease®’. In one innovative study, re-
searchers developed humanized immune organoids using synthetic
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hydrogels instead of conventional Matrigel, successfully main-
taining long-term in vitro culture functionality®’. B cell
compartmentalization and maturation were achieved using
microfluidic chips*®. Through experiments establishing CXCL12
chemokine gradients and influenza antigen stimulation, the study
demonstrated that B cells from healthy donors could form distinct
germinal center structures and produce antibodies, while these
functions were significantly impaired in B cells from large B cell
lymphoma (DLBCL) patients*’.

B cell-formed TLS in tumors play a crucial role in enhancing
ICB therapy responses > ®°. A study investigating the mechanisms
of B cell involvement in ICB therapy during colorectal cancer
(CRC) metastasis utilized PDO humanized mouse models**. The
results revealed that B cells mediate CD4% T cell anti-tumor
immune responses by forming TLS in the TME and expressing
MHC II molecules**. The activated T cells then exert cytotoxicity
through TFN-y secretion**. This finding offers new therapeutic
strategies for improving ICB therapy outcomes*. However,
research using organoid-B cell co-culture models to study anti-
tumor mechanisms remains limited in this field and warrants
further exploration by future scientists.

3.3. Neutrophils in immune organoids

Recent studies using organoid—neutrophil co-culture systems
have uncovered diverse mechanisms by which neutrophils
modulate tumor development, including cytokine secretion,
neutrophil extracellular trap (NET) formation, and immune
response regulation®”*>"% As key immune cells, neutrophils
play a dual role in cancer: they can inhibit tumor growth through
antigen presentation and reactive oxygen species (ROS) genera-
tion, while also promoting tumor progression via angiogenic
factors and matrix metalloproteinases (MMPs) that enhance
metastasis®>.

In recent years, growing attention has been focused on the links
between cancer cells and tumor-associated neutrophils, which have
opened up promising avenues for therapeutic intervention®. A
study explored an organoid model derived from patients with high
microsatellite instability (MSI-H) CRC, alongside 142 surgically
resected cases®'. Their results revealed that neutrophils in the in-
flammatory TME suppress immune responses through the CD80/
CD86—CTLA4 axis, thereby contributing to resistance to ICIs in
MSI-H CRC®'. NETs are responses of activated neutrophils, and
research indicates that NET-associated proteases can promote
cancer metastasis by disrupting endothelial cell contacts or the
ECM®. In a co-culture system of neutrophils and ovarian tumor
cells within a microfluidic device, neutrophils were observed to
produce NETs that accelerated the migration of ovarian tumor
cells?®. To further investigate the effects of NETs on cancer cell
metastasis and proliferation, researchers established a co-culture
model using MMTV-PyMT breast cancer (BC) organoids and
neutrophils*>. The study revealed that peptidyl-prolyl cis—trans
isomerase A (PPIA) secreted by NQOI1-deficient tumor cells trig-
gers neutrophil activation through CD147 binding®. This interac-
tion subsequently induces NET formation and the release of
neutrophil elastase (NE) and MMP-9*°. Additionally, PPIA both
promotes interleukin (IL)-6 production through the TLR4—NF-xB
pathway and enhances neutrophil maturation in bone marrow with
directed migration to the lungs, creating a metastasis-promoting
microenvironment™,

3.4. NK cells in immune organoids

Organoid—NK cell co-culture systems have revealed NK cells’
therapeutic potential through their ability to kill tumor cells via
receptor recognition and cytokine release*®*®%%. As critical im-
mune cells, NK cells target tumors through receptors like NKG2D
and can either stimulate or suppress target cells, resulting in
cytotoxicity or immune activation®®.

These co-culture systems enable dynamic studies of the anti-
tumor immune response in patient-derived models*®*’. Research
has shown that activated allogeneic NK cells can penetrate tumor
spheroids and exhibit strong cytotoxic activity®. Notably, the
NKG2D receptor plays a crucial role in recognizing CRC spher-
oids, whether derived from primary tumor biopsies or established
cell lines such as DLD1 and HT29. However, tumor cells within
the spheroids may evade immune detection through
NKG2A—HLA-E interactions*®. Current strategies targeting both
the inhibitory NKG2A receptor on NK cells and the NKG2D li-
gands MICA/B on tumor cells have shown a synergistic effect in
suppressing tumor growth, even in the presence of the NKG2A
ligand HLA-E on tumor cells*’.

The tumor-killing mechanisms of NK cells can be clearly
observed using organoid—NK cell co-culture systems**®. In a
monolayer cytotoxicity assay, it has been shown that NK cells
effectively target and kill bladder cancer organoids (BCOs)
through NKG2D receptor activation, resulting in the release of
granzyme B and IFN-v*®. Additionally, NK cells secrete chemo-
kines, including C—C-motif ligand (CCL)1, CCL2, and CCL20,
which promote T cell chemotaxis*®. Furthermore, a microfluidic
device was used to culture pancreatic ductal adenocarcinoma
(PDAC) spheroids to assess the immunotherapeutic effects of a
novel immunomodulator, the Tri-specific Killer Engager (TriKE),
in combination with NK cells®®. This study demonstrated that two
antibody fragments of TriKE-targeting B7—H3 and CD16 form a
synapse between NK cells and cancer cells, thereby enhancing the
cytolytic activity of NK cells against tumor organoids and facili-
tating tumor suppression®. These findings underscore the poten-
tial of microfluidic technology in personalized medicine and
provide a valuable experimental foundation for the development
of novel immunotherapies*>®.

3.5.  DCs in immune organoids

Organoid—DC co-culture models have provided valuable insights
into both DC-mediated antitumor immunity and tumor-induced
regulation of DCs in a physiologically relevant context**’. As the
most potent antigen-presenting cells, DCs are crucial for initiating
and regulating both innate and adaptive immunity within the
TME®®. These cells are capable of presenting tumor-associated
antigens (TAAs) on major histocompatibility complex molecules
and providing soluble and costimulatory signals that help shape T
cell-mediated antitumor responses®®.

The development of organoid-tumor immune co-culture plat-
forms has deepened our understanding of DC—cancer cell cross-
talk**%”. Through a co-culture model of patient-derived PDAC
organoids and immune cells, researchers discovered that PDAC
cells create an immunosuppressive microenvironment character-
ized by high lactate and low glucose through enhanced glycol-
ysis49. This metabolic reprogramming directly impairs DC
function by disrupting mitochondrial function and ATP
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production, leading to decreased expression of MHC molecules
and costimulatory molecules (CD80, CD86)*. When lactate de-
hydrogenase A (LDHA) was inhibited in PDAC organoids, the
metabolic profile of the co-culture environment improved and DC
antigen presentation function was restored, suggesting a novel
therapeutic approach targeting tumor metabolism*. In another
study, a novel co-culture system was established to study the
biological behavior of DCs in CRC®”. This system enabled re-
searchers to recreate and analyze the crosstalk between DCs and
patient-derived metastatic colorectal cancer (nCRC) organoids®’.
The behavior, phenotype, and function of monocyte-derived DCs
in a collagen matrix are influenced and modulated by mCRC
organoids, as demonstrated by flow cytometric analysis and other
methods®”. The study demonstrated that the DCs exhibited high
viability and extensive interaction with cancer cells, providing
valuable insights into the tumor—immune interaction within the
TME®".

3.6.  Tumor-associated macrophages (TAMs) in immune
organoids

Organoid—TAM co-culture platforms have demonstrated how
TAMs regulate tumor progression through cytokine secretion and
phenotype polarization, providing a means to investigate TAM
heterogeneity and immunosuppressive mechanisms 2. TAMs
regulate tumor progression in the TME through secreted fac-
tors®>’°. They can polarize into two main subtypes: anti-tumor
M1 macrophages that promote cell death, and pro-tumor M2
macrophages that support tissue repair®®. While both subtypes
exist in tumors, the TME typically promotes the M2 phenotype
through factors like IL-4 and hypoxia, facilitating tumor growth’®.

Recent advances in TME research have underscored the
complex interactions between TAMs and cancer cells, leading to
new insights into cancer progression and metastasis> 2. A recent
study has constructed a pancreatic cancer organoid model by
combining THP-1-derived macrophages, patient-derived PDAC
cells, and human-induced pluripotent stem cells (hiPSC) derived
stromal cells in ALI’°. Single-cell RNA sequencing revealed that
this model preserves the diversity of TAMs within the TME,
identifying five characteristic subpopulations (e.g., SPP1-TAM)
that don’t fit the traditional M1/M2 classification®. These TAM
subpopulations support cancer cell survival by promoting angio-
genesis and inhibiting cell death®. Another study developed a
novel mammary carcinoma organoid and TAM co-culture model
to investigate the mechanisms by which TAMs enhance invasion
and metastasis in the TME®'. The researchers found that TAMs
promoted the self-renewal and pluripotency of mammary carci-
noma stem cells by upregulating stem cell markers such as
ALDHI1A1, SOX2, and CD166”". Additionally, TAMs secreted
IL-18, fibroblast growth factor-2 (FGF-2), and CCL17, which
synergistically induced the expression of MMP9 in cancer cells,
enhancing cell migration and persistence, as shown in transwell
migration assays®'. These findings provide new insights for
developing anti-metastasis strategies’'. Furthermore, 3D TME
simulation models have revealed that TAMs suppress T cell anti-
tumor functions through dual mechanisms of PD-L1 upregulation
coupled with T cell PD-1 downregulation, while simultaneously
releasing immunosuppressive cytokines transforming growth fac-
tor-8 (TGF-B) and IL-10°2. This immunosuppression reduces T
cell-mediated tumor cell destruction, thereby promoting tumor

growth and metastasis®.

3.7.  Cancer-associated fibroblasts (CAFs) in immune organoids

Organoid—CAF co-culture systems have demonstrated how CAFs
support tumor growth through diverse mechanisms, including
niche factor secretion and phenotypic regulation®>>*. CAFs are
found in virtually all solid tumors and are among the most
prominent stromal cells within the TME®?. Organoid co-culture
experiments have been widely utilized to study the interactions
between CAFs and different cancers®>’!.

Advanced 3D co-culture systems have revealed the diverse
roles of CAFs in tumor progression through their heterogeneous
phenotypes and secreted factors®>>*. For instance, a novel 3D co-
culture system combining mouse pancreatic stellate cells (mPSCs)
with PDAC organoids was developed using Matrigel and Trans-
well platforms™. This system identified two distinct CAF phe-
notypes™. One subpopulation, located near tumors, highly
expresses a-smooth muscle actin («-SMA) and stimulates tumor
growth, while the other loses myofibroblast properties and secretes
inflammatory cytokines™. This culture model highlights the
symbiotic interactions between CAFs and cancer cells in vivo,
offering opportunities for drug development targeting specific
CAF subtypes>>. In another study, co-culturing patient-derived
CRC tissues with matched fibroblasts demonstrated that fibro-
blasts could support the growth of PDOs without the addition of
classical ecological niche factors™®. This support was attributed to
fibroblasts’ secretion of small niche factors such as Noggin,
R-Spondinl, EGF, and WNT3a™. Additionally, CAFs secrete
chemokines and cytokines, including TGF-G1, colony-stimulating
factor 1 (CSF1), and FGF7, which facilitate intercellular
communication through ligand—receptor interactions>*. These
factors contribute to tumor growth, maintain tumor cell stemness,
and enhance tumor cell invasion and migration®®. Deciphering the
complex interplay of CAFs within the TME provides valuable
insights for developing targeted therapeutic strategies™.

3.8.  Endothelial cells (ECs) in immune organoids

Organoid—EC co-culture platforms have demonstrated how
endothelial cells modulate tumor progression through vascular
formation and secretory signaling, enabling investigation of TME
and therapeutic targeting®°. ECs form blood vessels that supply
tumors with oxygen and nutrients, while also promoting tumor
progression through paracrine signaling with cancer cells and
stromal components’>.

Given the high vascularity of certain tumors and the over-
expression  of  angiogenesis-promoting  factors’?,  tumor
organoid—EC co-culture models provide powerful tools for
investigating angiogenesis and exploring the TME>>°, Recent
research has shown that the intricate relationship between cancer
cells and the surrounding blood vessel environment is essential for
tumor progression and metastasis™~°. One study utilized hydro-
gels to co-culture patient-derived xenograft organoids (PDXOs) of
hepatocellular carcinoma (HCC) with ECs, effectively mimicking
the vascular secretory crosstalk between ECs and HCC in vitro™.
The results revealed increased expression of genes related to TNF
signaling, suggesting that ECs contribute to the creation of an
inflammatory milieu in HCC by recruiting immune cells>.
Through antibody detection, the study identified elevated expres-
sion of vascular secretory factors, including C—X—C motif ligand
(CXCL) 16, IL-8, and monocyte chemoattractant protein-1
(MCP-1), in the co-culture system™. These factors promoted the
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polarization of macrophages toward pro-inflammatory and pro-
angiogenic phenotypes, resembling tumor-associated macro-
phage subpopulations commonly seen in HCC™.

Cancer-initiating cells (CICs), characterized by self-renewal
and differentiation abilities, correlate with drug resistance and
poor prognosis>®. A recent study established a co-culture model of
ECs and patient-derived PDAC organoids using a conventional
medium devoid of artificial stem cell growth factors>®. This model
notably preserved CD44"CICs compared to the PDAC organoid
model alone®. Further investigations indicated that organoids
maintain CICs through paracrine effects or Notch/Wnt signaling
interactions with ECs®. In conclusion, understanding the biology
of ECs in TME may provide new therapeutic targets for control-
ling tumor development.

4. Immune organoids for evaluating immunotherapy
efficacy

4.1.  Immune organoids in drug-based immunotherapy
Tumor immunotherapy drugs traditionally include monoclonal

antibodies and certain small molecule immunological agents®.
Monoclonal antibodies targeting programmed cell death 1 (PD-1)
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and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) are
commonly used in clinical practice®®. These antibodies enhance
anti-tumor immunity by blocking critical immune checkpoints,
thus modulating immune cell function®. In recent years, strategies
combing ICIs with anti-angiogenic agents are taking center stage,
and Khan and Kerbel”® systematically described the bidirectional
synergy between ICIs and anti-angiogenic drugs, proposing that
they can form a positive feedback loop of “immune stimulation-
vascular remodeling”. Furthermore, this theory has been proven
in recent phase III clinical trials, demonstrating that the success of
combination therapy focuses on balancing the dual effects of anti-
angiogenic drugs on tumor immunity’*. Organoid has become a
powerful tool for studying pharmacological immunotherapy, of-
fering an efficient platform for evaluating the effects of immu-
notherapeutic agents such as anti-angiogenic drugs’>’° (Fig. 4).
By closely mimicking the TME, organoids provide deeper insights
into cancer—immunity interactions and facilitate the development
of novel, more effective immunotherapies and pharmacological
targets75'79.

In recent years, cancer organoids have been increasingly uti-
lized to study the mechanisms of novel immune therapies and to
explore optimal therapeutic combinations”””?. One study
demonstrated that a novel antibody—drug conjugate specifically
targets CRC organoids’>. The drug, Cet-ZA, combines the anti-
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Immune organoids to assess the efficacy of different immunotherapies. Organoid modeling encapsulates physiological features and

functions and provides a more realistic platform for preclinical in vitro techniques. (A) Generation of tumor organoids from patient tumor tissue or
body fluids by various methods. (B) Analysis of differently treated tumor organoids and their immune microenvironment using different tech-
niques. (C) It can be used to evaluate the effectiveness of pharmacological and cellular immunotherapies and cancer vaccines and to guide clinical

treatment regimens.



Immune organoid for cancer immunotherapy

3427

epidermal growth factor receptor (EGFR) antibody cetuximab
with zoledronic acid”>. When added to a co-culture system con-
sisting of patient-derived CRC organoids and allogeneic V62 T
cells, Cet-ZA activated Vo2 T cells via T cell receptor (TCR) and
FcyRIIIA (CD16), leading to degranulation of cytolytic enzymes
and subsequent anti-tumor effects’>. Additionally, patient-derived
BCOs, with preserved T cells, were used to assess the immuno-
synergistic effects of combining PD-1 inhibitors with platinum-
based (Pt) compounds’®. Histological analysis revealed that PtIV
complexes enhanced IFN-y secretion from T cells within BCOs,
activated immune-related pathways, and promoted TCR clonal
expansion’®. These findings underscore the value of cancer orga-
noid models in monitoring and reproducing responses to ICIs and
in identifying potential therapeutic combinations’®. Moreover, a
novel ex vivo 3D culture system, the organotypic tumor spheroid
(MDOTS/PDOTS), was developed to maintain key features of the
natural immune TME and guide the selection of optimal clinical
treatment regimens for ICB therapy’’. Cellular profiling of
MDOTS from anti-PD-1 partially sensitive CT26 mouse tumor
models revealed elevated CCL2 expression’’. Profiling of PDOTS
derived from melanoma and Merkel cell carcinoma patient sam-
ples, post-ICB treatment, showed upregulation of cytokines and
chemokines (e.g., CCL19 and CXCL13), closely resembling
clinical findings’”.

Stimulator of interferon genes (STING), a small-molecule drug
target, has gained significant attention as a promising cancer
treatment strategy®. Activated STING pathway promotes the
production of type I IFN and other inflammatory cytokines, which
in turn activates DCs and T cell-mediated antitumor immune re-
sponses®’. A preclinical study investigating STING function
demonstrated enhanced migration and cytotoxicity of NK cells in
a 2D malignant pleural mesothelioma (MPM) cell line model
when STING-expressing MPM cells were included in the NK cell
co-culture medium’®. Additionally, studies using mouse and
human MMR gene-deficient CRC organoid models confirmed that
acquired STING variants enhance intrinsic STING pathway ac-
tivity in cancer cells’®. These enhanced variants were able to
transform “cold” TMEs into “hot” TMEs, sensitizing drug-
resistant tumors to ICI therapy’®. Under this strategy, chemo-
kines (e.g., CXCL11, CXCL10, CXCL9, and CCLS5) and other
cytotoxic molecules that recruit NK cells and cytotoxic T lym-
phocytes (CTLs) were strongly upregulated within the TME’®.
Furthermore, infiltrating CTLs exhibited increased expression of
Gzmb and Ifng”®. These findings suggest that organoids can serve
as a powerful tool for studying novel TME regulatory strategies
and are poised to provide accurate preclinical in vitro models that
better represent cancer patients’ responses to therapy’’.

Organoids can offer a theoretical basis for the discovery of new
clinical therapeutic targets for future tumor treatments®>**. Aurora
kinase A (AURKA) has been identified as a potential target for
treating hepatic metastatic CRC using a tumor organoid model®*.
In this study, PDOs were employed to replicate the acquisition of
chemotherapy resistance, and the efficacy of AURKA inhibitors in
inducing apoptosis under drug-resistant conditions was evalu-
ated®”. The results demonstrated that AURKA inhibitors could
restore chemotherapy sensitivity in drug-resistant CRC cells,
particularly those harboring KRAS mutations and exhibiting
elevated AURKA/c-MYC expression®. These findings suggest
that combining EGFR pathway blockade with AURKA inhibitors
could offer an effective second-line therapeutic strategy®>. This
research provides crucial insights that could inform the develop-
ment of novel treatment approaches for CRC%?. Additionally, a

separate experiment investigated the off-target tumor toxicity of T
cell-binding bispecific antibodies using both tumor and healthy
organoid models®®. Single-cell resolution immunofluorescence
staining revealed efficient T-cell infiltration in healthy organoids,
resulting in a toxic apoptotic response®®. Interestingly, despite the
lower expression of epithelial cell adhesion molecule and carci-
noembryonic antigen in healthy organoids compared to tumor
organoids, the enhanced T-cell infiltration and subsequent toxicity
response were still observed®. These gut-derived 3D organoids
not only offer valuable insights into the exploration of new ther-
apeutic targets but also contribute to a deeper understanding of

disease treatment mechanisms®>.

4.2.  Immune organoids in cell-based immunotherapy

Adoptive cell transfer therapy (ACT) represents an innovative
approach to cancer treatment, where immune cells are isolated
from either autologous or allogeneic sources and undergo in vitro
modification, expansion, and activation before being reinfused
into cancer patients®. This therapeutic strategy employs T cells
engineered with chimeric antigen receptors (CARs) or high-
affinity TCRs to recognize multiple tumor antigens, or autolo-
gous tumor-infiltrating lymphocytes (TILs) selected for tumor
specificity®. Recent years have witnessed the emergence of CAR-
T/NK cell therapy as a promising anti-cancer approach, particu-
larly in treating hematologic malignancies®®. However, its effec-
tiveness against solid tumors remains uncertain®. A significant
challenge lies in the dynamic nature of tumor phenotypes, which
can vary considerably among patients and evolve throughout
disease progression and treatment®®. Current in vitro solid tumor
models are limited by their inability to replicate cellular hetero-
geneity and maintain mutations that drive changes in surface an-
tigens®®. 3D organoid models offer a solution to these limitations
by successfully reproducing the parental cellular heterogeneity
and preserving critical intercellular interactions®’. These models
have become valuable tools for investigating the efficacy of ACT
immunotherapy against cancer'®” (Fig. 4).

Organoids have emerged as powerful platforms for evaluating
ACT, with numerous studies validating their utility in assessing
CAR-T cell functionality and therapeutic efficacy®*®'. In a novel
clinical trial design, investigators generated patient-derived glio-
blastoma organoids (GBOs) that could be tested for CAR-T cell
therapy while the patient was being treated to assess treatment
response in real time®®. The study found that the treatment
response of GBOs, including the degree of tumor cell death and
cytokine release, was strongly correlated with the patient’s clinical
prognosis™. This study shows the great potential of organoids for
real-time assessment of CAR-T cell bioactivity and immuno-
therapy efficacy®®. Using BCOs models, researchers evaluated
CAR-T cell immunological effects through cytotoxicity and
ELISA assays®’. When MUC]I-targeting CAR-T cells were co-
cultured with MUC1" BCOs, measurements of LDH and cyto-
kine levels demonstrated specific antigen recognition and immune
activation, establishing a reliable platform for preclinical CAR-T
cell assessment®. Similar results were observed in studies using
GBOs, where CAR-T cells targeting the mutant antigen EGFRvIII
showed remarkable specificity in eliminating
EGFRvIII™ organoids®. CRC PDOs provided both a highly
mimetic TME and a platform for real-time observation of
CAR—NK cell-mediated tumor cell destruction’’. Through the
combination of confocal live-cell imaging and luciferase mea-
surements, researchers could precisely evaluate CAR—NK cell
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killing efficiency and specificity, validating the crucial role of
organoids in optimizing CAR—NK cell therapeutic strategies®".
Emerging evidence suggests that TIL therapy shows promise in
treating solid tumors, potentially offering advantages over CAR-
T/NK and TCR-T approaches, which may be limited by their
single-antigen recognition capability®”. The strength of TIL ther-
apy lies in its ability to target multiple tumor antigens simulta-
neously, including potentially undiscovered ones, through
naturally occurring T cells®. Recent developments in organoid
technology have altered the evaluation of TIL therapy effi-
cacy”**. A study developed an innovative bioprinting platform
that integrates GC PDOs and TILs in a unique dual-region
design®®. Through confocal microscopy and multiple cytokine
analysis techniques, the platform allows for a comprehensive
assessment of TILs migration patterns and functional activities” .
The results of the study show the chemotactic migration and
degranulation processes of TILs, as well as the dynamics of key
effector molecules including granzymes and perforins®. While
current TCR-T therapies primarily target known antigens, their
limited success against aggressive malignancies like pancreatic
cancer has prompted further investigation into TIL-based ap-
proaches’. The clonal diversity of TCRs in TILs, ranging from
0.1% to 50%, combined with intratumoral TIL heterogeneity,
creates favorable conditions for developing tumor-specific im-
mune responses’*®. In a ground-breaking study using patient-
derived pancreatic tumor organoids, researchers successfully
stimulated the clonal expansion of tumor-reactive T cells from
peripheral blood””. Patient peripheral T cells were co-cultured
with autologous tumor organoids to generate organoid-primed T
cells (opTs)?”. The killing effects of opT and TCR specificity were
detected using flow cytometry for clonal expansion, ELISA as-
says, and deep sequencing of gDNA extracted from T cells®’.
Additionally, NKG2A blockade significantly elevated IFN-vy
expression, identifying the NKG2A—HLA-E axis as a key

checkpoint for CD8™ T cells in pancreatic cancer”’.

4.3.  Immune organoid in cancer vaccines-based immunotherapy

Cancer vaccines have emerged as a powerful immunotherapeutic
approach that activates patient-specific adaptive immunity against
tumor antigens to control cancer progression and promote
regression of established malignancies®>*?°. Researchers have
developed several categories of cancer vaccines, including
antigen-specific tumor vaccines, whole tumor cell vaccines, viral
vector vaccines, peptide vaccines, and cellular vaccines'®.
Considering the genetic and environmental differences between
species, many vaccine candidates that show promise in animal
models do not fare well in human trials'®'. This has highlighted
the critical need for platforms that can effectively recapitulate key
elements of human adaptive immunity. It has now been found that
the development of immune organoids using human tonsils can
accurately summarize the key features of in vitro germinal centers
and support in-depth research into the vital mechanisms of
adaptive immunity, as well as rapid screening of vaccine candi-
dates'®%. These engineered immune constructs provide a robust
platform for modeling germinal center functions by recreating
precise immunological tissue microenvironments, enabling high-
throughput evaluation with reduced timeframes'®>. In particular,
studies have shown that sugar-conjugated vaccine candidates
successfully induced germinal center B cell development and B
cell receptor clustering within 3D biomaterial-based mouse B cell
follicular analogs®. This approach enhanced cellular activation,

downstream signaling pathway transduction, diverse immuno-
globulin expression, and the identification of high-affinity, specific
monoclonal antibodies®. These results highlight the potential of
immunological organoids as rapid predictive tools for vaccine
efficacy assessment and specific antibody discovery®.

Organoid models have proven to be powerful platforms for
identifying mutation-associated neoantigens for cancer vaccina-
tion'®1%_ Studies have demonstrated this utility through the
establishment of small human-derived pre-cervical carcinoid and
tumor biobanks that successfully preserved and replicated both
genomic features and disease-specific tissue characteristics'®’.
Through co-culture experiments with human papillomavirus
(HPV) peptide-stimulated PBMCs, researchers observed differ-
ential responses between tumor organoids to immune PBMCs and
identified varying efficacies of antigenic peptides in tumor orga-
noid elimination'®®. These findings support the significant poten-
tial of organoid platforms in screening therapeutic HPV
vaccines'® (Fig. 4). In a separate investigation, researchers
developed an innovative a-lactalbumin («-LA) engineered exo-
some system incorporating Hiltonol (TLR3 agonist) and ELANE
(human neutrophil elastase) to create an in situ DC vaccine
(HELA-Exos) for BC treatment'®. The a-LA component, serving
as a tumor-specific homing protein, was enriched on the exosomal
surface, leading to improved targeting capabilities and immuno-
genicity'®. When evaluated in a HELA-Exos and PDO-PBMCs
co-culture system, HELA-Exos effectively stimulated antigenic
cross-presentation in DCs and induced robust CD8" T cell acti-
vation, resulting in significant growth inhibition of autologous
PDOs'%. This approach, combining TLR3 agonists and immu-
nogenic cell death (ICD) inducers within cell-free exosomes,
presents a promising strategy for developing DC vaccines against
BC'™. Further advancing the field, researchers cultivated four
CRC organoid clones from a single patient, each harboring
identical exonic mutations'®. The presence of distinct mutations
among these organoid clones effectively modeled intratumor
heterogeneity, demonstrating their genetic diversity'®. Integration
of organoid proteomics data with corresponding peptide ligand
profiles revealed that cancer cells predominantly produced tumor-
specific ligands derived from DNA damage control and tumor
suppressor proteins'®. This observation may be linked to
compromised cytoprotective functions within the tumor cells'®.
The study highlighted the variability in HLA-peptide expression
within individual patients and suggested that immunization stra-
tegies targeting multiple peptides derived from highly conserved
tumor suppressors could potentially reduce immune evasion'®”.
These findings are promising and demonstrate the great potential
of organoid applications in cancer vaccine research and
development'®.

5. Immune organoids in HTS

Cancer cell line-based HTS has provided valuable insights into
in vitro drug responses across diverse human cancer cells’.
However, genetic drift resulting from prolonged culturing signif-
icantly limits their clinical relevance®'®”. While patient-derived
xenografts (PDXs) offer an alternative, their widespread imple-
mentation in HTS is constrained by low throughput, high costs,
and their animal-based nature'®. Organoids have emerged as a
promising technology in cancer research'®®''°. These organ-on-
chip systems more accurately replicate tumor drug responses
and capture individual patient variations compared to conventional
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cell culture methods'®'%°. They are often combined with HTS
platforms for large-scale compound testing and gene function
screening, providing precise strategies for disease treatment'%%'%%
For instance, microdroplet emulsion technology can generate
thousands of MOSs from minimal tumor biopsy material, allowing
rapid assessment of tumor responses to anti-PD-1 and bispecific
antibodies within approximately 10—14 days''’.

Some of the latest innovative drug screening studies use
organoids to screen drugs in a high-throughput manner, providing
promising avenues for cancer treatment'''"''?. A platform for
high-throughput drug screening utilizing mouse PDAC organoids
was reported in a recent study''!. The platform screened 6000
compounds and found that perhexiline maleate interfered with
cholesterol metabolism via sterol-regulatory-element-binding
protein 2 (SREBP2) downregulation and specifically inhibited
the growth of PDAC organoids carrying the KRAS GI2D muta-
tion'"!. Another significant advancement came from a drug
repurposing initiative using CRC PDOs''%. The study tested 335
drugs, identified 34 drugs with anti-CRC effects, and explored the
mechanism of drug action in conjunction with transcriptome
analysis''?. It suggests that organoid combined with next-
generation sequencing technology provides a valuable pathway
for drug screening and identification''?. In addressing lenvatinib-
resistant HCC, researchers developed a sophisticated multi-
dimensional HTS platform incorporating patient-derived cell
(PDC)-PDO-PDX models to evaluate 80 mechanistically diverse
compounds'"®. This comprehensive approach identified romidep-
sin, a histone deacetylase inhibitor, as a potent inhibitor of drug-
resistant tumor growth at low concentrations''?. Subsequent tran-
scriptomic analysis revealed a crucial relationship between HDAC2
and EGFR expression, demonstrating that romidepsin’s therapeutic
effect stems from EGFR pathway inhibition and induction of
ICD'". This finding not only provides a new strategy to overcome
lenvatinib resistance, but also validates the value of this platform in
drug screening and mechanism studies''?.

The analysis of specific mechanisms of effective drugs can
provide molecular diagnostic pathways for diseases''*''>. A novel
screening approach was developed using microfluidic chip-cultured
human hepatocyte organoids, integrating CRISPR-based drug

screening with high-throughput gene expression sequencing''?.
This innovative platform identified FADS2 as a crucial gene in
regulating hepatic fat accumulation, offering new therapeutic pos-
sibilities for non-alcoholic fatty liver disease''. In addition to
exploring the accuracy of organoid generalization of in vivo tumor
response to a given drug, an HTS platform has been constructed to
study drugs using organoid technology''®. This platform enabled
the identification of relationships between cancer-selective growth
inhibitors and their molecular targets in CRC, specifically focusing
on aberrantly activated genes''>. These associations allowed ac-
curate prediction of drug response based on molecular character-
istics of the tumor. Through multivariate analysis of variance,
researchers examined associations between various genotypes and
molecularly targeted therapeutics''>. Their finding of a significant
correlation between TP53 mutations and MDM2 inhibitors
confirmed the value of organoid biobanks in HTS''?.

6. Immune organoids in clinical trials

High-throughput sequencing, which can accurately identify so-
matic mutations, has been widely used in the field of cancer
therapy''®. However, genomic profiling alone has shown limita-
tions in predicting targeted therapy responses and guiding clinical
drug selection, constraining its applications in precision medi-
cine''”. In recent years, many scientists have constructed organoid
biobanks of cancer patients that recapitulate the histopathological
manifestations and genetic features of the original tumor®®''s.
These PDOs demonstrate drug response patterns that closely
mirror patients’ clinical outcomes.

Currently, several clinical trials have been conducted utilizing
this technique''*'?' (Table 3). In one notable study, BRAFY®*0F
CRC patients treated with triple therapy (spartalizumab, dabra-
fenib, and trametinib-PD-1, BRAF, and MEK inhibitors, respec-
tively) showed an overall confirmed response rate of 24.3%""°.
Among microsatellite-stable patients without prior BRAF-targeted
therapy or ICB therapy, the confirmed response rate was 25%""°.
Research on lung cancer (LC) organoids has yielded promising
results in predicting patient responses to chemotherapy and tar-
geted treatments'?®. The predictive model achieved impressive

Table 3  Overview of immune organoids used in immunotherapy clinical trial applications.
Trial number Research topics Study Cancer type Co-culture of Therapy
type organoids assessment
NCT06268652 PDO-guided personalized treatment vs physician’s choice Int. BC = Drug-based
NCT05725200 Research on individualized treatment Int. CRC = Drug-based
NCT03026140 Neoadjuvant ICI and IO combinations Int. CC RTa (PBMCs) Drug-based
NCT03668431 Dabrafenib + trametinib + pdr001 Int. CRC = Drug-based
NCT06196554 Organoids in the screening of neoadjuvant drugs Obs. GC RTa (T cells) Drug-based
NCT06315868 PDO characterization in BC subtypes Obs. BC RTa (PBMCs) Drug-based
NCTO03778814  TCR-T cell immunotherapy in LC and solid tumors Int. LC RTa (TILs) Cell-based
NCT05332925 Using ex vivo tumoroids to predict immunotherapy Obs. NSCLC = Drug-based
response
NCT04951115 Chemo-immuno-radiotherapy in stage IV trial Int. SCLC = Drug-based
NCTO05401318  Tailoring treatment in CRC Obs. CRC = Cell-based
NCT06156150 The role of B7—H4 in tumor vaccine Obs. Glioma = Vaccine-based
NCT05508399 Perioperative tislelizumab-chemotherapy biomarkers Obs. GAC/GEJAC RTa (TILs) Drug-based
NCT05955196 CDA47—SIRPe inhibitors in CC microenvironment Obs. CcC = Drug-based

RTa: reconstituted TME approach; Int., interventional; Obs., observational; vs, versus; ICIs, immune checkpoint inhibitors; BC, breast cancer; LC,
lung cancer; PDO, patient derived organoid; CRC, colorectal cancer; GC, gastric cancer; CC, colon cancer; NSCLC, non-small cell lung cancer;

SCLC, small cell lung cancer; GAC/GEJAC, G/GEJ adenocarcinoma.
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Figure 5 Integrated platform for the development and clinical translation of immunotherapy based on immune organoids. Drug screen:

Immune organoids enable high-throughput drug screening through multi-well plate, allowing systematic evaluation of drug candidates using
dose-response curves to assess therapeutic efficacy. Exploration of immunotherapies: development of combination treatment strategies or
immunotherapeutic targets using immune organoid models. Predict clinical response: Patient-derived organoids (PDOs) serve as predictive
models by demonstrating similar responses to clinical outcomes through integrated analysis of drug sensitivity testing, genomic profiling, his-
topathological examination, and proteomic characterization. Personalize treatment: Evaluation system that tests multiple treatment options using
patient-specific organoids to determine optimal therapeutic strategies for individual patients.

metrics: 83.3% accuracy, 84.0% sensitivity, and 82.8% specificity,
demonstrating strong concordance with clinical outcomes and
highlighting the potential of organoid-guided clinical applica-
tions'*. The NICHE trial further validated immunotherapy ap-
plications in CRC'*'. This study employed drug screening in
PDO—immune cell co-cultures, using IFN-y production by CD8™
T cells as a marker to predict clinical responses to combination
therapy with nivolumab and ipilimumab'?'. The findings revealed
potential synergistic effects between BRAF/MAPK pathway in-
hibition and immune response, suggesting new therapeutic stra-
tegies for CRC immunotherapy'?'. Currently, numerous clinical

studies are in recruitment phases'?. Organoid platforms show
considerable promise in providing personalized treatment rec-
ommendations, potentially revolutionizing clinical decision-
making and improving patient outcomes''*'?!,

However, several challenges remain in translating immune
organoid technology to clinical practice''*'*!. The success rate of
organoid culture varies significantly between different tissue
sources, with insufficient cell numbers being a common limita-
tion'?’. Additionally, the lack of standardized protocols for drug
sensitivity testing and inconsistent drug regimens across patient
groups make it difficult to define precise cutoff values for
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determining treatment efficacy''*'?°. Furthermore, clinical vali-
dation studies are often limited by small cohort sizes and short
follow-up periods, making it difficult to establish robust long-term
correlations between organoid-based predictions and patient out-
comes'?!. The time and resources required to establish and
maintain immune organoid cultures also present practical chal-

lenges for routine clinical implementation.

7. Conclusion and perspectives

7.1.  Current technical barriers of immune organoid

While tumor organoids represent powerful tools for cancer
immunology research and show great potential for next-generation
drug screening and immunotherapy applications, several signifi-
cant challenges must be addressed'>'***'*°_ A primary challenge
is the low efficiency in generating organoids from tumor tis-
sues'>*. The success rate of culturing organoids from patient tis-
sues has been reported to be about 36.8% in different cancer
types'?®. Multiple factors contribute to this limited success in
organoid formation. To enhance the success rate of tumor orga-
noid culture, it is essential to optimize the culture conditions by
incorporating specific regulatory factors and utilizing conditional
media that account for the heterogeneity of tumors'>*. Another
limitation is the difficulty in reproducing the full complexity of
tumor tissue within organoids'?*. Since organoids are typically
derived from small tumor tissue samples, they may not completely
capture the diverse spectrum of tumor gene mutations or temporal
evolution observed in vivo'**. To address this limitation, tumor
samples from multiple regions of primary and secondary sites
were collected to reflect intratumoral heterogeneity'**. Addition-
ally, the development of paired pre- and post-treatment PDOs has
provided valuable insights into drug resistance mechanisms'>.
Furthermore, tumor-derived organoids currently lack exposure to
critical in vivo external stresses, such as hypoxia and biome-
chanical stimuli'®®. These environmental factors play crucial
roles. Hypoxic conditions can drive cancer progression and in-
fluence therapeutic responses, while biophysical forces can alter
cellular behavior and promote tumor metastasis'>'?”. However,
replicating these external features in organoid systems remains
technically challenging'*’. Addressing these limitations requires a
multidisciplinary approach, potentially drawing on insights and
innovations from the field of bioengineering'**'%°.

7.2.  Future therapeutic perspectives of immune organoid

The fast advancement of organoid technology is ushering in an
exciting era of biomedical research, providing breakthrough op-
portunities and tools for drug screening, exploring novel thera-
peutic strategies, predicting patient clinical response, and
personalizing treatment'**'* (Fig. 5). Recent studies have
demonstrated the technology’s remarkable potential'**'3'. For
instance, patient-derived PDAC organoids successfully predicted
patient responses to lysosomal adenovirus therapy and its syner-
gistic effects with chemotherapy'®®. The organoids showed
response patterns identical to those observed in xenografts and in
situ tumor models, validating their value as preclinical models for
lysosomal virus research'*’. The development of advanced orga-
noid models to recapitulate TLS remains challenging due to their
complex cellular composition and organization, but recent

progress with high endothelial venule organoids demonstrates the
feasibility of engineering key components of lymphoid tissues'*".
As research tools, organoids provide unique platforms for omics
research and fundamental scientific investigations. While geno-
mics and whole-genome screening of tumor organoids have been
well established'®?, emerging applications of single-cell
sequencing and proteomics to tumor organoids are particularly
promising for immunotherapy research'*. These advanced tech-
nologies enable detailed analysis of cellular diversity and protein
interaction networks within the TME, an approach that has already
proven valuable in predicting treatment responses and identifying
potential therapeutic targets'**'*>. Through the development of
patient-specific tumor organoids, researchers can now better pre-
dict individual responses to various treatment regimens, signifi-
cantly advancing the field of precision medicine.

Additionally, the applications of immune organoid platforms
extend beyond tumor research, showing promise in investigating
autoimmune disorders'? 6, infectious diseasesl37, and regenerative
medicine**'*°. Importantly, studying these non-malignant con-
ditions with integrated immune-competent organoid systems may
offer unique perspectives on the early stages of tumorigen-
esis'>!1313% The combination of interdisciplinary applications of
these organoid platforms and other technologies may reveal new
mechanisms shared between cancer and other diseases, thereby
expanding our understanding of disease pathogenesis'**'*!.

In conclusion, 3D organoid cultures derived from both healthy
and tumor biopsy tissues are transforming in vitro cancer research
and clinical trials''""">. To recapitulate the intricacy of TME, the
ideal approach is to incorporate an array of immune cells (T cells,
neutrophils, macrophages, NK cells, DCs), CAFs, and ECs in a
co-culture model''™"®. This co-culture model can enhance our
insights into TME cellular interactions and, crucially, its trans-
lational application to the field of immunotherapy'>?°. In this
field, tumor organoids can be used to construct personalized
models based on drugs, cells, and cancer vaccines’>°. Not only
accelerating the discovery of new therapeutic targets, but the
organoids may also accurately reflect or predict the clinical re-
sponses, providing ideas for the development of effective cancer
treatment strategies''”"'?'. Looking ahead, current and future
organoid technologies will continue to advance both fundamental
immuno-oncology research and clinical applications, ultimately
helping to realize the full potential of personalized cancer
immunotherapy.
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