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Chimeric Antigen Receptor T-cell (CAR-T) therapy is a revolutionary 
immunotherapy involving the genetic modification of T cells to express 
chimeric receptors targeting specific tumor antigens. Over the past decade, 
CAR-T therapy has significantly advanced with the development of five 
generations of CAR-T cells, each introducing modifications to enhance T cell 
efficacy, persistence, and the ability to overcome immune evasion mechanisms. 
The manufacturing of CAR-T cells has also evolved, employing techniques such 
as viral vector transduction or CRISPR-based gene editing, lipid nanoparticle, or 
transposon mediated approaches, to optimize their function. However, the 
development of CAR-T therapy for solid tumors faces significant challenges, 
primarily due to the hostile tumor microenvironment (TME), which traditional 
two-dimensional (2D) culture systems fail to accurately replicate. This review 
explores the potential of three-dimensional (3D) culture models, including 
spheroids and organoids, as tools for studying CAR-T cells in the context of 
solid tumors. Unlike 2D models, 3D systems offer a more physiologically relevant 
environment, better mimicking the TME, tumor heterogeneity, and immune 
interactions which CAR-T cells must encounter. We examine the advantages 
and limitations of 2D versus 3D models and discuss four key methods for 
generating spheroids/organoids: direct cell aggregation, scaffold-based, 
microfluidic, organs-on-chip and bioprinting, and patient-derived organotypic 
tumor approaches. Moreover, we explore the use of murine models in preclinical 
CAR-T research, highlighting their role in studying the dynamics of CAR-T cell 
trafficking, efficacy, and off-target effects. While CAR-T therapy has shown 
impressive success in some hematological malignancies, there is still a critical 
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need for improved models to study CAR-T efficacy against solid tumors, 
particularly in relation to the TME. 2D models remain a valuable tool but 
should be combined with 3D models and in vivo murine studies for more 
accurate clinical outcome predictions. As we advance toward preclinical and 
clinical applications, ongoing efforts to develop and refine 3D culture systems are 
essential for overcoming the unique challenges of CAR-T therapy in solid tumors. 
KEYWORDS 

car-t, chimeric antigen receptor T cells, solid tumor, 3D culture, tumor microenvironment, 
spheroid, organoid, immunotherapy 
 

1 Introduction to CAR-T therapy 

1.1 CAR-T cells: from concept to clinical 
result 

A pioneering form of immunotherapy has emerged for cancer 
treatment: Chimeric Antigen Receptor T-cell (CAR-T) therapy. 
This highly innovative approach involves genetically modifying a 
patient’s T cells to express chimeric antigen receptors (CAR) on 
their surface. These receptors are engineered to specifically 
recognize antigens present on the surface of tumor cells. After 
modification, CAR-T cells are reinfused into the patient, where they 
target and eliminate tumor cells. The concept of leveraging T cells to 
combat cancer was first pioneered by Steven Rosenberg and 
colleagues in 1988, when they treated metastatic melanoma 
patients with tumor-infiltrating T lymphocytes (TILs) isolated 
from the tumor, expanded ex vivo and reintroduced into patients 
(1). Moreover, lifileucel, a TIL based therapy was approved in 2024 
for metastatic melanoma treatment (2). By creating the first 
generation of CAR-T cells termed « T-bodies », Zelig Eshhar and 
his colleagues made significant progress in the field in 1993 (3). 
CAR-T cells demonstrated impressive outcomes in treating 
hematological malignancies within the past ten years. In 2017, the 
U.S. Food and Drug Administration (FDA) approved Kymriah 
(tisagenlecleucel), the first CAR-T treatment for refractory B-cell 
acute lymphoblastic leukemia (ALL), (4). It was followed by other 
CAR-T  therapies  for  lymphomas  such  as  TECARTUS  
(brexucabtagene autoleulcel), (5) for refractory mantle cell 
lymphoma and ALL, YESCARTA (axicabtagene ciloleucel), (6) 
for refractory large B-cell (LBCL) and follicular lymphomas, 
BREYANZI (lisocabtagene maraleucel, 7) for refractory LBCL and 
chronic lymphocytic leukemia (CLL), and for refractory multiple 
myeloma (MM) such as ABCMA (idecabtagene vicleucel), (8) and 
CARVYKTI (ciltacabtagene autoleulcel, 9). Although ongoing 
efforts to develop CAR-T therapies for solid tumors, and 
overcome numerous obstacles related to the hostile tumor 
microenvironment (TME), further progress is needed before these 
therapies can reach clinical approval. 
02 
1.2 CAR-T structure 

Over the years, CAR designs have rapidly improved, resulting in 
the development of five distinct generations (Figure 1). Each 
generation has added unique characteristics to enhance the 
efficacy and persistence of CAR-T cells (10, 11). These 
developments have significantly improved the intrinsic CAR-T 
cell activity and enhanced the ability to overcome immune 
evasion of cancer cells and challenges occurring within the hostile 
TME. While preclinical and early data are promising (12, 13), none 
of these constructs have yet received FDA approval, excepted CAR-
Ts from the second generation. The first-generation CAR construct 
consists of an extracellular antigen-recognition domain linked to 
the intracellular CD3z signaling domain. In the second-generation 
construct, a co-stimulatory domain (CD28 or 4-1BB) is added 
alongside CD3z to enhance T cell activation and proliferation. 
The third-generation CAR construct is similar to the second one 
but incorporates more than one co-stimulatory domain to enhance 
CAR T cell activity and persistence. The fourth-generation CAR 
construct, also called T-cells redirected for universal cytokine killing 
(TRUCK), is designed to secrete cytokines upon activation to 
modulate the TME, attract innate immune cells, and improve 
antitumor efficacy (14). The fifth-generation CAR construct 
combines a STAT3-binding motif between the co-stimulatory 
domain and the CD3z signaling domain with a truncated 
cytoplasmic region of the IL-2 receptor b-chain. Without 
requiring external cytokine support, this design allows for

antigen-dependent activation of the JAK-STAT pathway to 
enhance T cell proliferation and persistence (15). 

1.3 CAR-T manufacturing 

In addition to design improvement, CAR-T manufacturing has 
been enriched by several innovations such as CRISPR-Cas9 gene 
editing to remove immune checkpoint inhibitors such as LAG-3, PD-1 
or TIM-3 and enhance resistance to exhaustion and antitumor efficacy 
(16–18), adenoviral transduction providing efficient gene expression 
without genome integration and low risk of mutagenesis but offering a 
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short-lived expression (19), retroviral transduction with stable gene 
integration for a long-term expression but limited to dividing cells 
with a risk of insertional mutagenesis (19, 20), and lentiviral 
transduction with stable gene integration for a long-term expression 
on a broader cell targeting range with lower risk of insertional 
mutagenesis but with high cost and manufacturing complexity (19). 
There are also mRNA electroporation, lipidic nanoparticles and 
transposon-mediated approaches (Figure 2) (21, 22). Moreover, 
CAR-T cells can be manufactured either ex vivo by extracting cells 
from the patient, engineering them, and reinfusing back or in vivo by 
directly injecting the CAR construct into the patient’s body (23). 
While in vivo CAR-T therapies represent a promising alternative to 
conventional ex vivo approaches, the first clinical trials have recently 
begun, and their efficacy and safety remain to be fully established. This 
is in contrast with second-generation CAR-T therapies produced ex 
vivo, some of which have already been approved by the FDA. Despite 
these advances, challenges remain such as immunosuppressive TME, 
tumor infiltration, antigen downregulation, and CAR-T cell expansion 
and persistence issues still arise in preclinical and clinical trials. 
Although results from in vitro characterization could differ from 
those obtained in in vivo mouse models and do not always predict 
outcomes in human clinical trials. Therefore, three-dimensional (3D) 
co-culture systems appear as attractive intermediate systems between 
in vitro and in vivo models to provide more physiologically relevant 
models for rapid assessment of CAR-T efficacy. 
Frontiers in Immunology 03 
2 Advantages and limitations of two­
dimensional co-culture systems in 
CAR-T research 

In CAR-T cell research two-dimensional (2D) co-culture systems 
have served as essential and fundamental tools for preliminary 
mechanistic investigations and rapid testing of CAR constructs. 
These systems consist of mixing CAR-T cells directly with tumor 
cells without any extracellular matrix support, allowing direct cell-cell 
interactions in a simplified flat 2D environment. While convenient 
and cost-effective, 2D models remain limited in recapitulating 
physiological conditions of a complex TME, as they lack crucial 
immunosuppressive factors, stromal components, and spatial 
architecture. Thus, results derived from these co-culture systems 
may be less predictive of  in vivo responses, limiting their clinical 
relevance (24). To address these limitations, in vivo models such as 
NOD scid gamma (NSG) and Patient-Derived Xenograft (PDX) 
provide a TME that better mimics disease conditions such as 
hypoxia, nutrient gradients and stromal interactions. However, these 
models still lack host immune interactions due to the use of 
immunodeficient mice, thereby limiting their ability to fully 
replicate the immune dynamics observed in patients. Additionally, 
in vivo models remain expensive, time-consuming, and limited by 
ethical barriers with 3R regulations (Replacement, Reduction and 
FIGURE 1 

Schematic representation of the five distinct generations of CAR. The first-generation CAR construct consists of an extracellular antigen-recognition 
domain linked to the intracellular CD3z signaling domain. The second-generation contains a co-stimulatory domain (CD28 or 4-1BB) added 
alongside CD3z. The third-generation CAR incorporates more than one co-stimulatory domain. The fourth-generation secretes cytokines upon 
activation. The fifth-generation CAR incorporates a truncated cytoplasmic domain of the IL-2 receptor b-chain, coupled with a STAT3-binding motif 
between the co-stimulatory domain and the CD3z signaling domain to activate the JAK-STAT. This figure was adapted and generated on Biorender. 
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Refinement). Given these challenges, the use of more complex models 
such as a 3D co-culture and organ-on-chip are in high demand and 
represent attractive approaches. 3D culture systems incorporate 
extracellular matrix components, tumor spheroids or organoids, 
providing a more realistic representation of tumor architecture and 
cell-cell interactions (25). Organ-on-chip technologies integrate 
microfluidic systems to recreate tissue-like environments, enabling 
dynamic perfusion and immune-tumor interactions. These 3D co­
culture systems can potentially offer more predictive insights for 
advancing CAR-T research with conventional 2D and in vivo 
systems (26). 
2.1 Advantages of 2D models 

There are some advantages of using 2D co-culture systems 
(Table 1), such as the ease of use and reproducibility, because these 
systems are straightforward to establish and follow standardized 
protocols. Another advantage is the real-time observation because 
the single-layer arrangement of cells enables direct assessment of 
CAR-T activity, including cell adhesion, tumor cell lysis and 
Frontiers in Immunology 04
proliferation, through techniques like microscopy and flow 
cytometry. The absence of a TME enables the targeted study of 
key parameters such as cytokine production, cytotoxicity, and CAR-
T cell proliferation without interference from external factors. 
Moreover, the 2D cultures can easily integrate a variety of 
analytical techniques, including ELISA, flow cytometry, lactate 
dehydrogenase (LDH), or calcium flux assays, facilitating a 
comprehensive evaluation of CAR-T function. Finally, 2D models 
remain accessible for widespread use because of their lower cost and 
minimal specialized equipment required compared to in vivo or 
preclinical research. 
2.2 Limitations of 2D models 

Nevertheless, 2D co-culture systems have several limitations 
(Table 1), such as their inability to recreate a realistic TME. This is 
due to their failure to replicate oxygen and nutrient gradients as well 
as the complex interactions between tumor cells and extracellular 
matrix (ECM). Importantly, the 2D co-culture systems lack the 
ability to simulate immunosuppressive elements of the TME, such 
FIGURE 2 

CAR-T manufacturing processes. The first method to generate CAR-T cells is the CRISPR-Cas9 genome editing followed by viral transduction or the 
direct adenoviral, retroviral or lentiviral transduction of the CAR sequence (I). The second method includes the CAR construct delivered using lipid 
nanoparticles (II). The third method involves mRNA electroporation transposon-mediated approaches to integrate the CAR sequence into T cells (III). 
This figure was generated on Biorender. 
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as cancer-associated fibroblasts (CAFs), M2 macrophages, and 
regulatory T cells (Tregs), which are critical obstacles to solid 
tumor  therapy.  The  oversimplification  can  lead  to  an  
overestimation of CAR-T efficacy (27). Tumor cells in 2D models 
use cell lines, naturally expressing the target antigen, which may 
cause a loss of their native tumor phenotype and lead to false­
positive results regarding CAR-T efficacy (28). Moreover, 2D 
culture seems not suitable for some primary cells, such as 
primary CLL and MM cells for hematological malignancies or 
primary pancreatic ductal adenocarcinoma (PDAC) which 
undergo rapid apoptosis or senescence in vitro, and the use of cell 
lines does not fully recapitulate the biology of the disease. However, 
cultivating primary cells in 3D models might provide the right 
microenvironment to support cancer cell survival, making it 
possible to study CAR-T cell activity for a longer time than in 2D 
cocultures. Furthermore, in a physiological context, CAR-T cells 
must overcome physical and biochemical barriers before interacting 
with tumors cells. This complexity is not adequately represented in 
2D models, where CAR-T cells directly interact with tumor cells 
(29). Thus, 2D systems do not capture dynamics like CAR-T cell 
migration, penetration into dense tumor tissues, or exhaustion in 
hypoxic, poorly vascularized environments, and fail to include 
essential stromal and vascular components, which significantly 
influence tumor growth, immune evasion, and CAR-T cell 
functionality (28). Because of their simplicity to use, low cost and 
analytical compatibility, 2D culture systems remain indispensable 
for initial CAR-T cell research. However, their inability at accurately 
Frontiers in Immunology 05 
replicating the complexities of the TME highlights the necessity to 
switch to more physiologically relevant models. To fill these gaps, 
researchers increasingly depend on 3D co-culture systems to 
provide a transitional step between basic in vitro studies and in 
vivo validation. This allows for a more accurate evaluation of CAR-
T behavior and efficacy in realistic tumor environments (Figure 3). 

3 Three-dimensional co-culture 
system: a bridge between 2D and in 
vivo studies 

The introduction of 3D cell culture systems marked a significant 
advancement in research, offering a more physiologically relevant 
model than traditional 2D cultures (Table 2). By enabling spatially 
organized cell interactions, these 3D systems better mimic the 
natural tissue microenvironment, which is essential for studying 
complex processes like cancer progression, immune responses, and 
tissue regeneration. In the context of solid tumors, 3D co-culture 
systems provide valuable insights into CAR-T cell interactions with 
the TME, revealing key challenges such as tumor resistance, 
immune evasion, and infiltration limitations. This approach 
enhances the evaluation of therapeutic outcomes and helps refine 
CAR-T cell strategies for improved efficacy in solid tumors (28, 30). 
In 1956, Ehrmann and Gey replaced the flat-surface cell culture 
method with the culture of human cell lines in rat tail-isolated 
collagen to promote cell aggregations in 3D (31). However, the term 
TABLE 1 Advantages and limitations of 2D culture assay. 

Advantages and limitations of 2D culture assay 

Aspect Advantages Limitations 

Ease of use and reproducibility - Straightforward to establish 
- Standardized protocols ensuring high reproducibility 

- Simplistic model may not capture complex interactions 

Real-time observation - Single layer arrangement of cells for direct visualization 
- Techniques (microscopy, flow cytometry) enable 
monitoring of CAR-T cell activity, inducing cell adhesion, 
lysis and proliferation 

- Lack of dynamic interaction seen in vivo or in more 
complex systems (3D culture) 

Isolation of key parameters - Isolated study of parameters like cytokine production, 
cytotoxicity and CAR-T proliferation 

- Unable to replicate TME and stromal components 

Integration with analytical techniques - Easily integrates various analytical techniques (e.g. 
ELISA, flow cytometry, LDH assays) 

- Limited capacity to analyze more complex physiological 
responses such as immune responses 

Cost and equipment - Relatively inexpensive 
- Minimal specialized equipment required compared to in 
vivo studies 

- Cannot replicate systemic immune responses or full 
physiological context 

Realistic tumor microenvironment - Allows for isolated study of tumor-specific processes 
(e.g. CAR-T cell activity) 

- Lacks realistic gradients of oxygen, nutrients, ECM and 
interactions between tumor cells and stroma 

Tumor cell characteristics - Use of cell lines to evaluate CAR-T activity - Tumor cell lines may lose critical aspects of their native 
phenotype, leading to false results 
- Use of cell lines instead of primary tumor cells 

CAR-T dynamics - Allows direct interactions between CAR-T and 
tumor cells 

- No physical or biochemical barriers like in a true 
physiological setting, limiting CAR-T migration 
and penetration 

Immune microenvironment - Focuses on direct interaction between CAR- and 
tumor cells 

- Cannot simulate immunosuppressive elements of the 
TME (e.g. CAFs, M2 macrophages, Tregs) 
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« spheroid » emerged in 1970 to describe Rheinwald and Green 3D 
cell culture using human progenitor cells where cells aggregate as a 
sphere (32). In 1980’s and 1990’s, they further developed in vitro 
cultures from neuroblastomas and lung tissues considered to as the 
first organoids, a self-organizing structure derived from stem cells, 
mimicking key features of an organ. Indeed, spheroids are related to 
tissue architecture whereas organoids are linked to organ 
architecture because cells spontaneously organize themselves to 
form a structure similar to the organ they derived from (33). 
Moreover, organoids can be derived from spheroids (34), 
(Figure 4). Finally, Rheinwald and Green’s further investigated 3D 
culture and started to cultivate skin organoids from human primary 
cells (35, 36). 
4 Strategies for culturing spheroids 
and organoids including CAR-T cells 

Three-dimensional culture systems offer more physiologically 
relevant models for studying CAR-T cells in solid tumors where 
they face challenges such as immune suppression and poor tissue 
penetration. Unlike hematological cancers, in solid cancers, CAR-T 
cells must infiltrate dense extracellular matrices and pass through 
multiple barriers created by stromal cells and deposited matrix 
proteins, making in vitro 3D models essential for in vivo studies or 
preclinical evaluation. This section highlights strategies to generate 
spheroid and organoid cultures and integrate CAR-T cells to 
investigate their efficacy in solid tumor therapy (Table 3). 
Frontiers in Immunology 06
4.1 Cell aggregation 

The first method for generating spheroids is direct formation by 
letting cells aggregate spontaneously together in a flat-bottom plate 
such as the liquid overlay technique, or in a U-bottom plate such as 
the hanging drop spheroid (22, 37–41). In these techniques, cell 
aggregation can be facilitated using low or ultra-low attachment 
plates coated to prevent cell adherence to the plastic surface. This 
coating promotes cells to interact with each other, forming small 
spherical structures (42–51). Additionally, 1% of agarose can be 
added to the plate bottom to maintain the stemness of cells when 
necessary, as seen in organoid formation using stem-cell-derived 
beta cells using plate shaking techniques (37, 38, 52),. Alternatively, 
direct spheroid formation can be fostered by adding specific 
molecules and factors to mimic the TME and promote cell 
growth and aggregation. For instance, for brain cancer and 
glioblastoma models, epidermal growth factor (EGF), basic 
fibroblast growth factor (bFGF) or insulin-like growth factor 
(IGF) are used along with neurobasal medium supplemented with 
B27 or N2 to replicate brain tumor signaling and support neural cell 
growth (Figure 5; 51, 53),. For CAR-T cell studies, CAR-T cells are 
subsequently introduced into the established 3D models using 
different strategies, depending on the research goals. For instance, 
to study CAR-T cell-mediated cytotoxicity, CAR-T cells can be 
added directly with tumor cells for co-culture into the spheroid 
during the initial aggregation phase. Alternatively, to investigate 
infiltration dynamics, CAR-T cells can be introduced after 
spheroid formation. 
FIGURE 3 

Comparison of 2D vs. 3D co-culture system. In a 2D co-culture system containing a monolayer of tumor cells and fibroblasts, CAR-T cells can 
interact directly and this could be observed in real-time while evaluating cytokines production, cytotoxicity and proliferation without external factors. 
However, this system does not represent the microenvironment and the migration of tumor cells or CAR-T cells cannot be followed according to 
gradient of oxygen or nutrients. In a 3D co-culture system, CAR-T migration, infiltration, cell-cell-interaction and tumor killing can be monitored 
between the several layers of cells with or without gradients of oxygen and nutrients. This figure was generated on Biorender. 
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4.2 Using matrix and scaffold 

The second method for producing spheroids or organoids is to 
use a matrix as a scaffold (Figure 6). There are several matrices 
available such as matrigel (54–63), hydrogel (64–73), and collagen 
(74–76) from rat or mouse tails. In this model, cells are cultured in 
the matrix as in 3D space instead of monolayer. Another kind of 
matrix is the ECM derived from tissues and organs. ECM can 
provide a more natural microenvironment compared to synthetic 
hydrogels, such as polyethylene glycol (PEG) or poly-lactic-co­
glycolic acid (PLGA), which facilitate the creation of more 
physiologically and biochemically relevant models for spheroid 
and organoid formation (54, 60, 66, 69), (73), (75),,– (77). 
Another way is to produce the spheroid using a low-attachment 
plate before transferring it into a gel bubble to let it grow in 3D (55, 
56),. CAR-T cells can be directly added into pre-formed spheroids 
or organoids in the matrix or into the culture medium surrounding 
the spheroid/organoid (65, 67),. To investigate the early interactions 
with tumor cell aggregates, or CAR-T activation and tumor killing 
(72), CAR-T cells can be co-cultured before or during the formation 
of the spheroids/organoids. On the other hand, to evaluate CAR-T 
infiltration, migration as well as killing tumor cells, CAR-T cells can 
also be added after the spheroid/organoid formation as a well­
established tumor structure. This method mimics the conditions of 
treating an existing tumor rather than targeting cells in the early 
stages of aggregation. 
Frontiers in Immunology 07 
4.3 Advanced techniques: microfluidic, 
organs-on-chip, or bioprinting 
technologies 

The third method for creating spheroids and organoids involves 
microfluidic, organs-on-chip, or bioprinting technologies (Figure 6). 
Several devices and chips have been engineered to deliver oxygen or 
nutrients, regulate and study chemotaxis (78, 79), mimic blood 
vessels and vascularization (80), remove dead cells and deliver 
CAR-T cells using microdroplets (81) or microhydrogels (45, 82, 
83),. In these approaches, spheroids, organoids, or biopsy-derived 
cells are cultured on a matrix and connected to microfluidic systems 
(78, 84). Similar to microfluidic systems, organ-on-chip provides 
precise regulation of biochemical and physical microenvironments, 
enabling accurate modeling of tumor microenvironment complexity 
and CAR-T cell behavior. Additionally, organ-on-chip systems 
simulate blood flow to allow the investigation of CAR-T cell 
infiltration and interactions with endothelial barriers, which is 
critical for studying solid tumors (82, 84–86). Using multiple 
channels, these devices allow simultaneous testing on various 
conditions, such as cytokine gradients or different CAR construct 
injections (86). Most recently, bioprinting has emerged as a cutting­
edge technology offering precise tissue construction (87). Thus, these 
technologies facilitate the 3D dynamic studies of CAR-T cell 
migration, proliferation, and cytotoxicity under well-controlled 
parameters, giving kinetic results that static cultures cannot achieve. 
TABLE 2 Comparison between 2D and 3D co-culture systems for CAR-T research. 

Criteria 2D co-culture systems 3D co-culture systems 

Structure Monolayer, flat surface Spatial, multicellular aggregates or matrix­
embedded culture 

Ease of use Simple to set up, standardized protocols Can be a more complex set up, can require 
specialized techniques 

Cost Low Low 

Reproducibility High Moderate, depends on matrix and culture conditions 

Real-time observation Easy (microscopy, flow cytometry) More difficult due to depth and opacity 

Simulation of TME Poor, lacks extracellular matrix and stromal cells Good, allows inclusion of stromal cells, ECM, and 
gradient formation 

Immune suppressive components Absent (e.g., CAFs, Tregs, M2 macrophages) Can be integrated 

CAR-T cell migration/infiltration Not evaluated, direct contact with tumor cells Assessed, mimics physical barriers and infiltration 

Cytokine-cytotoxicity assessment Accessible (ELISA, LDH, flow cytometry, etc.) Possible but more technically demanding 

Suitability for primary cells Often limited, primary cells may not survive Better, supports viability and function of fragile 
primary cells 

Physiological relevance Low High 

Use case Initial screening, functional assays Intermediate valisation before in vivo testing 
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4.4 Patient-derived organotypic tumor or 
tumor slice culture assays 

The fourth method is patient-derived organotypic tumor or tumor 
slice culture assays (Figure 7). This technique is related to ex vivo 
studies, where human tumors are extracted from the patient and 
cultured on a matrix (21, 88–94). Depending on the size of the tumor 
and the microenvironment components extracted, the tumor can be 
cultured whole or sliced into thin sections (93). These cultures can also 
be connected to a microfluidic system to supply medium, and 
nutrients or to facilitate CAR-T cell injection (95). Alternatively, 
CAR-T cells can be introduced using similar methods to those 
described in the second method of organoid manufacturing. 
4.5 Methods to study CAR-T cells in a 3D 
co-culture system 

As with 2D analysis, several methods can be used to study CAR-T 
cell behavior in a 3D co-culture system. Indeed, confocal microscopy 
and live-cell imaging are used to track CAR-T activity such as the 
infiltration into the spheroid/organoid, the spatial distribution of 
tumor and CAR-T cells, CAR-T migration, and cytotoxicity. To track 
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CAR-T and tumor cells in the spheroid/organoid, cells are labelled 
with a fluorescent molecule or a reporter system. Flow cytometry can 
also be used after the dissociation of the co-culture system into single­
cell suspensions to further analyze CAR-T cell activity, cytotoxicity, 
persistence, expansion and proliferation, differentiation phenotype, 
and exhaustion. Coupled with flow cytometry, ELISAs can be 
employed to analyze release cytokine production for CAR-T cells 
such as TFN-a, IFNg, and IL-2. Viability assays using LDH release 
assays or live-dead staining can be used to quantify tumor cell 
damage or death before and after CAR-T treatment. Finally, 
compared to 2D co-culture systems, histological analysis can be 
applied to fixed spheroids/organoids using immunohistochemistry 
(IHC) or immunofluorescence to detect tumor killing or apoptosis, 
CAR-T cell infiltration and phenotype (97). 
5 From mouse to clinic: murine 
models driving preclinical progress 

In vivo research provides key insights into the physiological 
complexities of cancer treatments and acts as an essential link 
between in vitro studies and human clinical trials. For CAR-T cell 
research, murine models are the most commonly used, enabling 
FIGURE 4 

Differences between monolayer 2D cultures, spheroids and organoids. Monolayer cultures consist of single cell type or multiple cell types while 
spheroids and organoids are composed of multiple cell types. Additionally, organoid structure requires at least epithelial or mesenchymal cells. The 
architecture complexity increases from monolayers (flat structure) to spheroids (tissue-like aggregates) and organoids (organ-like structures). 
Furthermore, organoids are composed of monolayers or spheroids composed of monolayers. This figure was generated on Biorender. 
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TABLE 3 Strategies to produce spheroids or organoids while studying CAR-T cells in solid tumors. 

1. Direct formation 

Cancer models Target for CAR-T Studies 

Nasopharyngeal carcinoma stem cells 5T4 (trophoblast glyocoprotein) (42) 

Ewing sarcoma Vascular Endothelial Growth Factor Receptor 2 (VEGFR2) (43) 

Lung cancer, breast cancer, gastric cancer, pancreatic cancer Mesothelin (22) 

Glioblastoma Disialoganglioside GD2 (21) 

Osteosarcoma Disialoganglioside GD2 (37) 

Epithelium and mesenchymal stromal cells Human Epidermal Growth Factor Receptor 2 (HER2) (38) 

Breast cancer Folate Receptor Alpha (FRa) (44) 

Ovarian cancer Tumor-Associated Glyocprotein 72 (TAG-72) (45) 

Squamous cell carcinoma Cluster of Differenciation 98 heavy chain (CD98hc) (39) 

Ovarian cancer Mesothelin (46) 

Canine sarcoma B7 Homolog 3 (B7-H3 or CD276) (47) 

Lung cancer Human Epidermal Growth Factor Receptor 2 (HER2) and 
Human Leukocyte Antigen A*02 (HLA-A*02) 

(48) 

Epithelial and mesenchymal cells High-Mannose Glycans (49) 

Breast cancer-associated fibroblasts Folate Receptor Alpha (FRa) (40) 

Prostate adenocarcinoma and mesenchymal stem cells Cluster of Differenciation 19 (CD19) (50) 

Chordoma B7 Homolog 3 (B7-H3 or CD276) (41) 

Glioblastoma Cluster of Differenciation 44 (CD44) (51) 

Chronic lymphoblastic leukemia Cluster of Differenciation 19 (CD19) (52) 

2. Use of a matrix 

Cancer models Target for CAR-T Studies 

Glioblastoma Epidermal Growth Factor Receptor (EGFR) (64) 

Colorectal cancer Doublecortin-Like Kinase 1 (DCLK1) (96) 

Breast cancer Human Epidermal Growth Factor Receptor 2 (HER2) (54) 

Cartilage and chondrocytes Collagenase II (CII) (74) 

Cholangiocarcinoma Integrin avb6 (55) 

Medulloblastoma B7 Homolog 3 (B7-H3 or CD276) (65) 

Chodroma B7 Homolog 3 (B7-H3 or CD276) (56) 

Lung cancer Mesenchymal-Epithelial Transition Factor (MET) (61) 

Breast cancer Human Epidermal Growth Factor Receptor 2 (HER2) (66) 

Retinoblastoma Disialoganglioside GD2 (67) 

Cholangiocarcinoma Mucin (57) 

Melanoma Chondroitin sulfate proteoglycan 4 (68) 

Melanoma Human Epidermal Growth Factor Receptor 2 (HER2) (58) 

Breast cancer Natural Killer Group 2 Member D (NKG2D) (69) 

Hepatocellular carcinoma Cluster of Differenciation 39 (CD39) (62) 

Stromal cells Cluster of Differenciation 19 (CD19) (63) 

Gastric carcinoma Carcinoembryonic Antigen (CEA) (70) 

(Continued) 
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researchers to assess the efficacy, safety, and pharmacokinetics of 
treatments in a living organism, and dynamics, including their 
migration, proliferation, and cytotoxic effects in the context of a 
systemic environment where cancer may be disseminated. CAR-T 
cell interactions that are missing in 3D culture systems are typically 
represented in these models, including interactions with the broader 
biological system, such as blood vessels, and distant tissues to 
evaluate potential off-target effects and toxicity in non-tumor 
tissues. In vivo studies allow researchers to investigate systemic 
Frontiers in Immunology 10 
interactions such as immune responses, biodistribution, and off­
target effects on healthy tissues in the context of a fully functional 
organism. However, studying immune-mediated processes is 
limited by the use of immunodeficient mice. Moreover, in vivo 
experiments remain expensive, time-consuming, resource­
intensive, and subject to ethical restrictions. Despite these 
challenges, in vivo models offer a global insight of therapeutic 
effects in a living dynamic biological organism. Depending on 
different  cancer  models ,  tumor  cel ls  can  be  injected  
TABLE 3 Continued 

2. Use of a matrix 

Cancer models Target for CAR-T Studies 

Hepatocellular carcinoma Folate Receptor Alpha (FRa) (71) 

Ovarian cancer Mesothelin (59) 

Glioblastoma Disialoganglioside GD2 (73) 

Ovarian cancer Mucin-1 (75) 

Breast cancer Human Epidermal Growth Factor Receptor 2 (HER2) (60) 

Gastric cancer Human Epidermal Growth Factor Receptor 2 (HER2) (76) 

3. Use of microfluidic, organ-on-chip or bioprinting. 

Cancer models Target for CAR-T Studies 

Ovarian adenocarcinoma Mesothelin (83) 

Ovarian cancer Tumor-Associated Glyocprotein 72 (TAG-72) (45) 

Breast cancer and cancer-associated fibroblasts Epidermal Growth Factor Receptor (EGFR), Human Epidermal 
Growth Factor Receptor 2 (HER2) and Natural Killer Group 2 
Member D (NKG2D) 

(79) 

Breast and ovarian carcinoma Human Epidermal Growth Factor Receptor 2 (HER2) (81) 

Thyroid, kidney, lung, ovary and cancer-associated fibroblasts Mesothelin (80) 

Colorectal adenocarcinoma C-X-C Chemokine Receptor Type 3 (CXCR3) (78) 

Breast cancer Epidermal Growth Factor Receptor (EGFR), Receptor Tyrosine 
Kinase-Like Orphan Receptor 1 (ROR1), C-C Chemokine 
Receptor Type 9 (CCR9 or CD199) 

(85) 

Breast cancer Human Epidermal Growth Factor Receptor 2 (HER2) (86) 

4. Patient-derived organotypic tumor or tumor slice culture assays. 

Cancer models Target for CAR-T Studies 

Breast cancer B7 Homolog 3 (B7-H3 or CD276), Human Epidermal Growth 
Factor Receptor 2 (HER2), Epidermal Growth Factor Receptor 
(EGFR), Trophoblast Cell Surface Antigen 2 (TROP2), Epithelial 
Cell Adhesion Molecule (EpCAM) 

(88) 

Bladder cancer B7 Homolog 3 (B7-H3 or CD276) (89) 

Melanoma liver metastases B7 Homolog 3 (B7-H3 or CD276) (90) 

Pancreatic adenocarcinoma Mesothelin (93) 

Glioblastoma Epidermal Growth Factor Receptor (EGFR) and Interleukin 13 
Receptor Alpha 2 (IL13Ra2) 

(94), NCT05168423 

Glioblastoma Ephrin Type-A Receptor 3 (EphA3) (91) 

Ovarian cancer Purinergic Receptor P2X (P2X7) (92) 

Renal carcinoma Carbonic Anhydrase IX (CAIX) (95) 
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subcutaneously using matrigel or not [e.g. melanoma (98), breast 
cancer (99), prostate cancer (100), rhabdomyosarcoma (101), 
mesothelin (102)], intravenously in the blood-stream [e.g. 
hematological malignancies (103–105)], intraperitoneally [e.g. 
ovarian cancer (106)] or orthotopically in the organ of origin [e.g. 
breast cancer (99), glioblastoma (91), lung cancer (107), glioma 
(108)]. Furthermore, murine models are also used to evaluate 
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procedures commonly used in CAR-T therapies such as isolation 
of T cells, their genetical engineering to express the CAR, and their 
expansion before reinfusion. Moreover, CAR-T cells can be 
administered either directly into the tumor to study local effects 
or intravenously to observe their migration, tumor-homing 
behavior, and systemic activity. Compared to preclinical or 
clinical trials on human patients, there are some limitations of 
FIGURE 5 

Schematic representation of direct spheroid formation. First method is the liquid overlay technique where cells aggregate together spontaneously to 
form a spheroid after being seeded. Second method is the hanging drop technique using a U-bottom well to facilitate natural aggregation. Third 
method is the same as the first one while cells are seeded by growth factors. Fourth method is the use of ultra-low or -low attachment plate with a 
specific coatting to avoid cell adherence to plastic. This figure was generated on Biorender. 
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FIGURE 6 

Schematic representation of using matrix coupled with microfluidic, organ-on-chip and bioprinting. Microfluidic device is composed of different 
channels, one to culture the spheroid or organoid with CAR-T cells while other channels can bring oxygen, nutrients, chemotaxis molecules or 
growth factors or can mimick blood vessels. Channels can be coupled with filters to remove debris and dead cells. This figure was generated on 
Biorender. 
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murine models such as the use of murine cells, or xenografted 
human cells injected in immunocompromised mice lacking some 
immune cells, and the issue of lack of interaction between human 
and murine cells or microenvironment or cytokines. Nevertheless, 
despite these limitations, murine models remain an invaluable tool 
for preclinical research, providing essential insights into CAR-T 
cells potential efficacy and safety before advancing to human 
clinical trials. 
6 Conclusion 

CAR-T cell therapy has revolutionized the cancer immunotherapy 
landscape. However, despite its remarkable successes in clinics in 
lymphoid malignancies, even if there are still some major challenges in 
myeloid malignancies, there are still challenges remaining as for solid 
tumors, including consistent antigen expression across all tumor cells, 
antigen loss or mutation, or other resistance mechanisms to immune 
cells. This review focused on the need to use robust 3D in vitro culture 
systems to study CAR-T therapy in solid tumors or in bone marrow 
microenvironment to develop CAR-T cell therapy for hematological 
malignancies such as acute myeloid leukemia. 

2D co-culture systems provide useful initial insights into CAR-
T cell biology, such as cytotoxicity, proliferation and cytokine 
production. The advantages regarding simplicity, low cost and 
real-time observation make 2D co-culture an indispensable tool 
for preliminary studies. However, their limitations in recapitulating 
the TME, including immunosuppressive elements, hypoxia, and 
extracellular matrix barriers reduce their predictive value for in vivo 
assays or clinical efficacy (109, 110). Thus, 3D culture systems have 
emerged as essential intermediate models to mimic some of the 
structural and biochemical complexities of tumors, enabling more 
Frontiers in Immunology 12 
accurate and rapid assessments of CAR-T cell infiltration, 
migration, killing capacity and exhaustion. Moreover, 3D models 
might be a suitable strategy to evaluate advanced designed CAR 
constructs; such as TRUCKs from the fourth generation, designed 
to secrete cytokines upon activation to modulate the TME, or CAR 
from the fifth generation. Several strategies to generate 3D 
spheroids and organoids have been developed. Direct cell 
aggregation techniques using low- or ultra-low-attachment plates 
are straightforward without any matrix. Matrix-based approaches 
incorporate extracellular matrix components and can be combined 
with microfluidic and organ-on-chip technologies, which allow 
precise control over dynamic parameters such as nutrient 
gradients and blood flow. Moreover, the use of patient-derived 
organotypic tumor models, incorporating components of the TME, 
provides a more accurate and physiologically relevant recapitulation 
of the TME for studying therapeutic responses. 

The transition from 3D culture systems to in vivo murine models 
remain a critical step for preclinical validation. Murine models better 
capture the complexity of the disease model, tumor microenvironment, 
and tumor-immune cell dynamics compared to in vitro studies. 
However, the commonly used immunodeficient mice lack host 
immune cells and, therefore do not recapitulate tumor-immune 
interaction in absence  of  co-transplantation of PBMCs. Improvements 
and a combination of humanized mouse models and organ-on-chip 
technologies mimicking vascularized tumors may overcome differences 
between in vitro studies and clinical trials. However, despite all these 
advances, tumor immune escape mechanisms, antigen heterogeneity 
and the immunosuppressive TME remain limited in these models for 
assessment of CAR-T cell efficacy. 

In conclusion, CAR-T cell therapy represents a pioneering 
approach to treat hematological malignancies, yet its success in 
solid tumors in clinical trials will require continued advancements 
FIGURE 7 

Schematic representation of patient-derived organotypic tumor preparation. Solid tumors are extracted from human patient organ biopsies and 
cultured on a matrix. Extracted tumor can be sliced depending on their size and can be cultured as organoids or spheroids before injecting CAR-T 
cells. This figure was generated on Biorender. 
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in cell engineering, manufacturing, and modeling systems. 
Combining 2D and 3D culture systems with in vivo studies allows 
researchers to overview and evaluate CAR-T functionality. 
Ultimately, integrating these models with emerging technologies 
(microfluidic, bioprinting, organ-on-chip, etc.) might lead to more 
effective and durable CAR-T cell therapies for solid malignancies. 
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75. Joy JD, Malacrida B, Laforêts F, Kotantaki P, Maniati E, Manchanda R, et al. 
Human 3D ovarian cancer models reveal Malignant cell–intrinsic and –extrinsic factors 
that influence CAR T-cell activity. Cancer Res. (2024) 84:2432–49. doi: 10.1158/0008­
5472.CAN-23-3007 

76. Zhang X, Zhao Y, Chen X. Collagen extracellular matrix promotes gastric cancer 
immune evasion by activating IL4I1-AHR signaling. Transl Oncol. (2024) 49:102113. 
doi: 10.1016/j.tranon.2024.102113 

77. Costa EC, de Melo-Diogo D, Moreira AF, Carvalho MP, Correia IJ. Spheroids 
formation on non-adhesive surfaces by liquid overlay technique: considerations and 
practical approaches. Biotechnol J. (2018) 13:1–12. doi: 10.1002/biot.201700417 

78. Grandhi TSP, Mebrahtu M, Musso R, Fullman A, Nifong B, Wisdom K, et al. A 
microphysiological assay for studying T-cell chemotaxis, trafficking and tumor killing. 
Biofabrication. (2024) 17. doi: 10.1088/1758-5090/ad847f 

79. Paterson K, Paterson S, Mulholland T, Coffelt SB, Zagnoni M. Assessment of 
CAR-T cell-mediated cytotoxicity in 3D microfluidic cancer co-culture models for 
combination therapy. IEEE Open J Eng. Med Biol. (2022) 3:86–95. doi: 10.1109/ 
OJEMB.2022.3178302 

80. Wan Z, Floryan MA, Coughlin MF, Zhang S, Zhong AX, Sheltin SE, et al. New 
strategy for promoting vascularization in tumor spheroids in a microfluidic assay. Adv 
Healthc. Mater. (2023) 12:1–12. doi: 10.1002/adhm.202201784 

81. Chen Z, Han S, Sanny A, Leung-Kwan Chan D, Van Noort D, Lim W, et al. 3D 
hanging spheroid plate for high-throughput CAR T cell cytotoxicity assay. J 
Nanobiotechnology. (2022) 20:1–14. doi: 10.1186/s12951-021-01213-8 

82. Hirth E, Cao W, Peltonen M, Kapetanovic E, Dietsche C, Svanberg S, et al. Self­
assembled and perfusable microvasculature-on-chip for modeling leukocyte trafficking. 
Lab Chip. (2023) 24:292–304. doi: 10.1039/d3lc00719g 

83. Luo Z, Liu Z, Liang Z, Pan J, Dong J. Injectable porous microchips with oxygen 
reservoirs and an immune-niche enhance the efficacy of CAR T cell therapy in solid 
tumors. ACS Appl Mater Interfaces. (2020) 12:56712–22. doi: 10.1021/acsami.0c15239 

84. Martini S, Drzeniek NM, Stark R, Reiner Kollert M, Di W, Reinke S, et al. Long­
term in vitro maintenance of plasma cells in a hydrogel-enclosed human bone marrow 
microphysiological 3D model system. Biofabrication. (2024) 16. doi: 10.1088/1758­
5090/ad5dfe 

85. Maulana TI, Teufel C, Cipriano M, Hudecek M, Alb M, Loskull P, et al. Breast 
cancer-on-chip for patient-specific efficacy and safety testing of CAR-T cells. Cell Stem 
Cell. (2024) 31:989–1002.e9. doi: 10.1016/j.stem.2024.04.018 

86. Cho Y, Laird MS, Bishop T, Li R, Jazwinska DE, Ruffo E, et al. CAR T cell 
infiltration and cytotoxic killing within the core of 3D breast cancer spheroids under 
the control of antigen sensing in microwell arrays. APL Bioeng. (2024) 8. doi: 10.1063/ 
5.0207941 

87. Tang M, Qu Y, He P, Yao E, Guo T, Yu D, et al. Heat-inducible CAR-T 
overcomes adverse mechanical tumor microenvironment in a 3D bioprinted 
glioblastoma model. Mater Today Bio. (2024) 26. doi: 10.1016/j.mtbio.2024.101077 
Frontiers in Immunology 15 
88. Önder CE, Moustafa-Oglou M, Schröder SM, Hartkopf AD, Koch A, Seitz CM. 
Precision immunotherapy utilizing adapter CAR-T cells (AdCAR-T) in metastatic 
breast cancer leads to target specific lysis.  Cancers (Basel). (2024) 16:221–8. 
doi: 10.3390/cancers16010168 

89. Jiang Y, Sun X, Song X, Li Z, Zhang W. Patient-derived bladder cancer organoid 
model to predict sensitivity and feasibility of tailored precision therapy. Curr Urol. 
(2023) 17:221–8. doi: 10.1097/CU9.0000000000000219 

90. Ventin M, Cattaneo G, Arya S, Jia J, Gelmi MC, Sun Y, et al. Chimeric antigen 
receptor T cell with an inducible caspase-9 suicide gene eradicates uveal melanoma 
liver metastases via B7-H3 targeting. Clin Cancer Res. (2024) 30:3243–58. doi: 10.1158/ 
1078-0432.CCR-24-0071 

91. Martins P, D'Souza RCJ, Skarne N, Lekieffre L, Horsefield S, Ranjankumar M, 
et al. EphA3 CAR T cells are effective against glioblastoma in preclinical models. J 
Immunother. Cancer. (2024) 12. doi: 10.1136/jitc-2024-009403 

92. Bandara V, Niktaras VM, Willet VJ, Chapman H, Likman NA, Macpherson AM, 
et al. Engineered CAR-T cells targeting the non-functional P2X purinoceptor 7 (P2X7) 
receptor as a novel treatment for ovarian cancer. Clin Transl Immunol. (2024) 13:1–17. 
doi: 10.1002/cti2.1512 

93. Marc Wehrli MVM, Guinn S, Birocchi F, Kuo A, Sun Yi, Larson RC, et al. 
Mesothelin CAR T-cells secreting anti-FAP/anti-CD3 molecules efficiently target 
pancreatic adenocarcinoma and its stroma. Clin Cancer Res. (2024) 30:1859–77. 
doi: 10.1158/1078-0432.CCR-23-3841 

94. Logun M, Wang X, Sun Y, Ming G, Song H, Rourke DMO. Clinical and 
Translational Report Patient-derived glioblastoma organoids as real-time avatars for 
assessing responses to clinical CAR-T cell therapy Clinical and Translational Report 
Patient-derived glioblastoma organoids as real-time avatars for assessin. Stem Cell. 
(2025) 32:1–10. doi: 10.1016/j.stem.2024.11.010 

95. Wang Y, Buck A, Piel B, Zerefa L, Murugan N, Coherd CD, et al. Affinity fine­
tuning anti-CAIX CAR-T cells mitigate on-target off-tumor side effects. Mol Cancer. 
(2024) 23:1–16. doi: 10.1186/s12943-024-01952-w 

96. Sureban SM, Berahovich R, Zhou H, Xu S, Wy L, Ding K. DCLK1 monoclonal 
antibody-based CAR-T cells as a novel treatment strategy against human colorectal 
cancers. Cancers (2019) 12:1–17. doi: 10.3390/cancers12010054 

97. Baysoy A, Bai Z, Satija R, Fan R. The technological landscape and applications of 
single-cell multi-omics. Nat Rev Mol Cell Biol. (2023) 24:695–713. doi: 10.1038/s41580­
023-00615-w 

98. Alsalloum A, Alrhmoun S, Perik-Zavosdkaia O, Fisher M, Volynetd M, 
Lopatnikova J. Decoding NY-ESO-1 TCR T cells : transcriptomic insights reveal dual 
mechanisms of tumor targeting in a melanoma murine xenograft model, no. November. 
(2024) 15:1–11. doi: 10.3389/fimmu.2024.1507218 

99.  Qu N, Meng  Q, Bi M, Liu  H,  Cao X. Low-intensity  pulsed  ultrasound
combined with microbubble mediated JNK/c-Jun pathway to reverse multidrug 
resistance in triple-negative breast cancer. Sci Rep. (2024) 14:27250. doi: 10.1038/ 
s41598-024-78272-y 

100. Meher N, Bidkar AP, Wadhwa A, Bobba KN, Dhrona S, Dasari C. PET imaging 
using 89 zr-labeled starPEG nanocarriers reveals heterogeneous enhanced permeability 
and retention in prostate cancer. Mol Cancer Ther. (2025) 24:1–11. doi: 10.1158/1535­
7163.MCT-24-0024 

101. Xiao W, Xu L, Wang J, Yu K, Xu B, Que Y. FGFR4-specific CAR-T cells with 
inducible caspase-9 suicide gene as an approach to treat rhabdomyosarcoma. Cancer 
Gene Ther. (2024) 31:1571–84. doi: 10.1038/s41417-024-00823-2 

102. Glez-Vaz J, Azpilikueta A, Olivera I, Cirella A, Teijeira A, Ochoa MC. Soluble 
CD137 as a dynamic biomarker to monitor agonist CD137 immunotherapies. J 
Immunother. Cancer. (2022) 10:1–14. doi: 10.1136/jitc-2021-003532 

103. Kellermayer Z, Tahri S, E je Jong MM, Papazian N, Fonkema C, Stoetman ECG. 
Interferon gamma - mediated prevention of tumor progression in a mouse model of 
multiple myeloma, no. December. (2023) 8:1–16. doi: 10.1002/hem3.70047 

104. Rubino V, Hüppi M, Höpner S, Tortola L, Schnüriger N, Legenne H. IL-21/IL­
21R signaling renders acute myeloid leukemia stem cells more susceptible to cytarabine 
treatment and CAR T cell therapy. Cell Rep Med. (2024) 5. doi: 10.1016/ 
j.xcrm.2024.101826 

105. Park HB, Hyun Kim K, Hwan Kim J, Il Kim S, Mi Oh Y, Kang Miseung. 
Improved safety of chimeric antigen receptor T cells indirectly targeting antigens via 
switchable adapters. Nat Commun. (2024) 15. doi: 10.1038/s41467-024-53996-7 

106. Cirstoiu-Hapca A, Buchegger F, Lange N, Bossy L, Gurny R, Delie F. Benefit of  
anti-HER2-coated paclitaxel-loaded immuno-nanoparticles in the treatment of 
disseminated ovarian cancer: Therapeutic efficacy and biodistribution in mice. J 
Control. Release. (2010) 144:324–31. doi: 10.1016/j.jconrel.2010.02.026 

107. Kurniawan A, Mahendra I, Febrian MB, Utama MS, Gunadi WJ, 
Wahyudianingsih R, et al. Biological evaluation of hydroxyapatite zirconium 
nanoparticle as a potential radiosensitizer for lung cancer X-ray induced 
photodynamic therapy. Appl Radiat. Isot. (2024) 217:111615. doi: 10.1016/ 
j.apradiso.2024.111615 

108. Annie L Hsieh BLS, Ganesh S, Kula T, Irshad M, Ferenczi EA, Wang W, et al. 
Widespread neuroanatomical integration and distinct electrophysiological properties 
of glioma-innervating neurons. Proc Natl Acad Sci U. S. A. (2024) 121. doi: 10.1073/ 
pnas.2417420121 
frontiersin.org 

https://doi.org/10.1126/sciadv.abn8264
https://doi.org/10.1021/acsami.2c10727
https://doi.org/10.1038/s43018-020-00119-y
https://doi.org/10.1038/s41551-021-00712-1
https://doi.org/10.1038/s41551-021-00712-1
https://doi.org/10.1021/acsnano.2c10845
https://doi.org/10.1021/acsnano.2c10845
https://doi.org/10.1016/j.biomaterials.2023.122052
https://doi.org/10.1002/adma.202310078
https://doi.org/10.1039/d4ra01968g
https://doi.org/10.1002/jbm.a.37823
https://doi.org/10.3389/fimmu.2020.568741
https://doi.org/10.1158/0008-5472.CAN-23-3007
https://doi.org/10.1158/0008-5472.CAN-23-3007
https://doi.org/10.1016/j.tranon.2024.102113
https://doi.org/10.1002/biot.201700417
https://doi.org/10.1088/1758-5090/ad847f
https://doi.org/10.1109/OJEMB.2022.3178302
https://doi.org/10.1109/OJEMB.2022.3178302
https://doi.org/10.1002/adhm.202201784
https://doi.org/10.1186/s12951-021-01213-8
https://doi.org/10.1039/d3lc00719g
https://doi.org/10.1021/acsami.0c15239
https://doi.org/10.1088/1758-5090/ad5dfe
https://doi.org/10.1088/1758-5090/ad5dfe
https://doi.org/10.1016/j.stem.2024.04.018
https://doi.org/10.1063/5.0207941
https://doi.org/10.1063/5.0207941
https://doi.org/10.1016/j.mtbio.2024.101077
https://doi.org/10.3390/cancers16010168
https://doi.org/10.1097/CU9.0000000000000219
https://doi.org/10.1158/1078-0432.CCR-24-0071
https://doi.org/10.1158/1078-0432.CCR-24-0071
https://doi.org/10.1136/jitc-2024-009403
https://doi.org/10.1002/cti2.1512
https://doi.org/10.1158/1078-0432.CCR-23-3841
https://doi.org/10.1016/j.stem.2024.11.010
https://doi.org/10.1186/s12943-024-01952-w
https://doi.org/10.3390/cancers12010054
https://doi.org/10.1038/s41580-023-00615-w
https://doi.org/10.1038/s41580-023-00615-w
https://doi.org/10.3389/fimmu.2024.1507218
https://doi.org/10.1038/s41598-024-78272-y
https://doi.org/10.1038/s41598-024-78272-y
https://doi.org/10.1158/1535-7163.MCT-24-0024
https://doi.org/10.1158/1535-7163.MCT-24-0024
https://doi.org/10.1038/s41417-024-00823-2
https://doi.org/10.1136/jitc-2021-003532
https://doi.org/10.1002/hem3.70047
https://doi.org/10.1016/j.xcrm.2024.101826
https://doi.org/10.1016/j.xcrm.2024.101826
https://doi.org/10.1038/s41467-024-53996-7
https://doi.org/10.1016/j.jconrel.2010.02.026
https://doi.org/10.1016/j.apradiso.2024.111615
https://doi.org/10.1016/j.apradiso.2024.111615
https://doi.org/10.1073/pnas.2417420121
https://doi.org/10.1073/pnas.2417420121
https://doi.org/10.3389/fimmu.2025.1626369
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http:31:989�1002.e9


Jassin et al. 10.3389/fimmu.2025.1626369 
109. Biosensors C, Edmondson R, Broglie JJ, Adcock AF, Yang L. Three-
dimensional cell culture systems and their applications in drug discovery and cell-
based biosensors. Assay Drug Dev Technol. (2014) 12:207–18. doi: 10.1089/adt.2014.573 
Frontiers in Immunology 16 
110. Clémence D, Robin D, Pierre D, Corinne A. Development and cytotoxic 
response of two proliferative MDA- culture models of triple-negative basal-like 
breast cancer cell lines. Oncotarget. (2017) 8:95316–31. doi: 10.18632/oncotarget.20517 
frontiersin.org 

https://doi.org/10.1089/adt.2014.573
https://doi.org/10.18632/oncotarget.20517
https://doi.org/10.3389/fimmu.2025.1626369
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jassin et al. 10.3389/fimmu.2025.1626369 
Glossary 

CAR-T Chimeric Antigen Receptor T-cell 
Frontiers in Immunol
TME Tumor Microenvironment 
2D Two-Dimensional 
3D Three-Dimensional 
CAR Chimeric Antigen Receptor 
TIL Tumor-Infiltrating T Lymphocyte 
FDA Food and Drug Administration 
ALL Acute Lymphoblastic Leukemia 
LBCL Large B-Cell Lymphoma 
CLL Chronic Lymphocytic Leukemia 
MM Multiple Myeloma 
TRUCK T-Cells Redirected for Universal Cytokine Killing 
NSG NOD Scid Gamma 
PDX Patient-Derived Xenograft 
LDH Lactate Dehydrogenase 
ECM Extracellular Matrix 
CAF Cancer-Associated Fibroblast 
Treg Regulatory T cell 
PDAC Primary Pancreatic Ductal Adenocarcinoma 
EGF Epidermal Growth Factor 
bFGF Basic Fibroblast Growth Factor 
IGF Insulin-Like Growth Factor 
PEG Polyethylene Glycol 
PLGA Poly-Lactic-Co-Glycolic Acid 
ogy 17 
VEGFR2 Vascular Endothelial Growth Factor Receptor 2 
HER2 Human Epidermal Growth Factor Receptor 2 
FRa Folate Receptor Alpha 
TAG-72 Tumor-Associated Glycoprotein 72 
CD98hc Cluster of Differenciation 98 Heavy Chain 
B7-H3 B7 Homolog 3 
HLA-A*02 Human Leukocyte Antigen A*02 
CD19 Cluster of Differenciation 19 
CD44 Cluster of Differenciation 44 
EGFR Epidermal Growth Factor Receptor 
DCLK1 Doublecotrin-Like Kinase 1 
CII Collagenase II 
MET Mesenchymal-Epithelial Transition 
NKG2D Natural Killer Group 2 Member D 
CD39 Cluster of Differenciation 39 
CEA Carcinoembryonic Antigen 
CXCR3 C-X-C Chemokine Receptor Type 3 
ROR1 Receptor Tyrosine Kinase-Like Orphan Receptor 1 
TROP2 Trophoblast Cell Surface Antigen 2 
EpCAM Epithelial Cell Adhesion Molecule 
IL13Ra2 Interleukin 13 Receptor Alpha 2 
EphA3 Ephrin Type-A Receptor 3 
P2X7 Purinergic Receptor P2X 
CAIX Carbonic Anhydrase IX 
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