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Abstract 

Organoid-on-a-chip technology synergizes the self-organizing capacity and cellular complexity of organoids with the precise 
microenvironmental control offered by organ-on-a-chip systems, significantly advancing the physiological relevance of in vitro 
models for studying development, disease, and drug responses. However, a critical bottleneck persists: the integration and main-
tenance of a functional immune microenvironment, which is essential for accurately modeling complex diseases (e.g., cancers, 
inflammatory disorders) and therapies (e.g., immunotherapies). While recent reviews have categorized immune organoid-on-a-
chip progress by organ type, this review adopts a bioengineering-centric approach to deconstruct immune microenvironment 
construction. We systematically analyze key parameters—including immune cell integration strategies/sourcing, target cell inter-
actions, immune cell motility patterns, and immune network complexity—across diverse model systems. Furthermore, we critical-
ly evaluate the transformative applications of these immune-competent models in drug toxicity screening, cell therapy interactions, 
and gene therapy efficacy assessment. Finally, we discuss persistent challenges and future directions for achieving truly predictive 
human immune-competent in vitro models. This synthesis provides a methodological framework for advancing the design and 
application of next-generation organoid-on-a-chip platforms.

Keywords: Cell-based immunotherapy, Engineering strategies, Functional reconstruction, Immune microenvironment, Micro-
physiological systems

1. Introduction

Organoids are self-organized structures formed by three- 
dimensional (3D) in vitro culture of pluripotent stem cells or 
adult stem cells, which can effectively mimic the complex physio-
logical functions of human organs and provide a new perspective  
for studying organ development, homeostasis, and diseases[1–4]. 
Despite these advantages, conventional organoid culture sys-
tems exhibit limited capability to recapitulate the dynamic 
microenvironment essential for organogenesis, hindering their 
ability to provide adequate developmental cues[5,6]. Complemen-
tary to organoid technology, organ-on-a-chip (OoC) platforms 

employ a microfluidic chip to simulate functional organ units, a 
microfabricated cell culture device used to simulate functional 
units of human organs in vitro[7]. These systems enable precise 
control over the physicochemical microenvironment—including 
fluid shear stress, oxygen gradients, and cell-cell interactions—
thereby enhancing physiological relevance[8–10]. However, OoC 
models typically rely on predetermined, simplified cellular archi-
tectures, which often fall short in capturing the intrinsic cellular 
diversity and complex tissue organization found in vivo[11,12]. To 
bridge these complementary technologies, “organoid-on-a-chip” 
systems have emerged[13]. This integrated approach synergizes 
the self-organization and cellular complexity of organoids with 
the precise microenvironmental control of OoC platforms, sig-
nificantly advancing the physiological fidelity of in vitro mod-
els[14,15]. Consequently, organoid-on-a-chip technology holds 
particular promise for applications in drug discovery, disease 
modeling, and personalized medicine, offering robust strat-
egies to reduce animal experimentation and improve the pre-
dictive accuracy of preclinical studies[13,16]. To better illustrate 
the strengths and limitations of these in vitro platforms, Table 1 
summarizes a comparative analysis of organoids, OoC systems, 
and organoid-on-a-chip technologies.

To advance this objective, organoid-on-a-chip technology 
has undergone rapid development in recent years, yielding in-
novative models that substantially enhance the complexity and 
functionality of in vitro systems[28–30]. In intestinal research, for 
instance, Mitrofanova et al.’s[31] 3D biomimetic colon chip suc-
cessfully integrates the self-organization capacity of organoids 
with precise microenvironmental control, enabling stable cul-
ture for 1 month. This model can accurately reflect the damaging 
effects of drugs on the intestine: cytarabine reduces proliferating 
cells and induces delayed barrier damage after drug withdrawal, 
while Idasanutlin induces apoptosis in a dose-dependent manner 
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and rapidly impairs epithelial integrity. Featuring high cellular 
diversity, in vivo-like maturity, and a perfusable structure, it 
serves as a powerful tool for evaluating the intestinal toxicity 
of drugs. In the field of tumor modeling, the pancreatic cancer 
chip system was developed by Golub et al.[32] integrates primary 
tumor organoids with human umbilical vein endothelial cells 
through a vertically stacked microchannel design, overcoming 
the limitations of traditional static organoid culture. This system 
uses porous polyethylene terephthalate membranes to simulate 
the dynamic interactions at the tumor-vascular interface and 
successfully maintains the pathological features of pancreatic 
ductal adenocarcinoma (PDAC) for up to 50 days. The secretion 
levels of PDAC-specific biomarkers in the chip exhibit signifi-
cant differences compared with two-dimensional (2D) cultures, 
confirming the critical role of the 3D microenvironment in 
maintaining tumor phenotypes. Since 2022, numerous reviews 
on organoid-on-a-chip technology have been published, encom-
passing both comprehensive analyses and organ-specific evalua-
tions—including bone/cartilage[33], retina[34], and vascularized[35] 
organoid-on-a-chip as well as application-focused perspectives 
such as drug toxicity assessment[36], environmental toxicolo-
gy[37], and precision disease modeling[14]. Collectively, these pub-
lications demonstrate a clear trajectory for organoid-on-a-chip 
technology toward higher complexity, enhanced functionality, 
and broader application scopes.

However, achieving these ambitious goals—particularly in 
modeling complex diseases and therapies—hinges critically on 
overcoming a persistent bottleneck: the effective integration and 
maintenance of a functional immune microenvironment[18]. This 
challenge directly determines whether the models can accurately 
simulate organ physiology, disease progression (especially in-
flammatory diseases and cancers), and responses to therapies 

(such as immunotherapies)[28]. Animal models suffer from signif-
icant interspecies differences, particularly in immune respons-
es[38–40]. Traditional in vitro models struggle to fully recapitulate 
the dynamic interactions and functions between immune cells 
and other cell types within the complex 3D microenvironment 
of human organs. This is partly due to limitations like those of 
2D static cultures, which lack physiologically relevant 3D struc-
tures and dynamic fluid environments[41,42]. Early organoid and 
OoC systems lacked integrated immune components[43], limiting 
their ability to accurately simulate the organ-specific immune 
microenvironment. To address this limitation and achieve more 
faithful simulation, novel technologies have emerged that inte-
grate functional immune microenvironments into both organ-
oids and OoC systems[44]. These approaches aim to incorporate 
key immune cells—such as T cells[45], macrophages[28], and den-
dritic cells[46]—into the self-organizing ecosystem of organoids 
and the precisely controlled microenvironment of OoC plat-
forms. This integration enables the construction of highly bio-
mimetic and predictive in vitro model systems[47].

Building on this foundation, our review synthesizes the latest 
advances in immune organoid-on-a-chip technology, adopting a 
distinct methodological approach. Unlike previous reviews on 
immune organoid-on-a-chip models that categorize discussions 
by the immune microenvironment construction across differ-
ent organs[48–51], this review aims to provide a comprehensive 
overview by deconstructing immune microenvironment con-
struction through the analysis of bioengineering-related param-
eters—including immune cell integration strategies, target cell 
types for immune cells, immune cell targeting behaviors, and the 
complexity of immune networks—to provide a comprehensive 
overview of immune organoid-on-a-chip models. Finally, this re-
view summarizes the innovative applications for, and challenges 

Table 1

Comparison of the 3 models.

Model Definition Advantages Disadvantages

Organoid Self-organizing 
miniature organs 
derived from a 
range of stem 
cells[13]

-  Simulating key features of human native organs or tissues 
with high fidelity and complex cellular components[16].

-  Stem cell-derived organoids can be established rapidly and 
easily[1].

-  Once established, they can be scaled up for large-scale 
genomic and drug screening[4].

-  Support the use of patient-derived organoids to conduct 
personalized medicine[2]

-  Lack a complex cellular microenvironment[17].
-  Protocols for organoid construction and quality control have not yet 

been globally standardized[1].
-  Due to individual differences, the results are unstable[18].
-  Biochemical and physical environmental signals are poorly 

controlled (e.g., shear stress, mechanical tension, gradients, 
fluids)[16].

-  The cost is relatively high[1]

OoC Microfabricated cell 
culture devices for 
in vitro simulation 
of functional units 
of human organs[7]

-  Provide a specific dynamic microenvironment (e.g., shear 
stress, mechanical tension, ECM)[19].

-  Different OoC models can be fluidically connected to 
construct a “body-on-a-chip” system that can simulate 
system-level multiorgan interactions and physiological 
responses[20].

-  Real-time imaging and on-line monitoring[21]

-  Cannot replicate complex cognitive functions and overall 
behaviors[22].

-  It is difficult to study the impact of large-scale forces on large 
organs, to simultaneously simulate multiple hormonal changes, 
and the lack of adipose tissue may affect research on drug 
distribution[12].

-  Hydrophobic PDMS absorbs hydrophobic small molecules, which 
may affect the accuracy and precision of drug detection[23]

Organoid-on-
a-chip

Organoid-on-a-chip 
is the synergy 
between organoid 
technology and 
microfluidic OoC[13]

-  Precisely control the biochemical microenvironment 
of organoids, such as generating stable morphogen 
gradients[24,25].

-  Simulate blood vessels and physiological fluid flow to improve 
nutrient supply.

-  Apply mechanical forces to promote organoid maturation[13].
-  Enable modeling of intertissue and multiorgan interactions[26].
-  Reduce variability and enhance uniformity through automated 

culture and high-throughput analysis[13]

-  Models are typically predesigned and constructed, struggling to 
replicate dynamic changes in organogenesis[13].

-  Hydrogels supporting organoid formation have undefined 
compositions and batch variations[27].

-  PDMS, commonly used in microdevice fabrication, readily absorbs 
small molecules, hindering pharmaceutical applications[23].

-  Optimal conditions and medium compositions for multiorgan 
coculture await further study[13].

-  The 3-dimensionality and structural complexity of engineered 
organoids challenge imaging and analysis[13]

PDMS, polydimethylsiloxane.
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faced in, utilizing immune organoid-on-a-chip models in drug 
toxicity assessment, the study of cell therapy interactions, and 
gene therapy efficacy evaluation.

2. Engineering construction of the immune 
microenvironment in organoids and OoC systems

With the ongoing advancement of organoid and OoC tech-
nologies, these platforms have emerged as core strategies for 
in vitro modeling of the immune microenvironment. Unlike 
traditional 2D culture systems, both types of 3D models offer  
enhanced capabilities to replicate tissue structure and physio-
logical function, while also enabling precise regulation of im-
mune microenvironments[52,53].

A fundamental initial challenge is how to effectively integrate 
immune cells into these in vitro systems. Current engineering 
strategies include static coculture, dynamic perfusion-based de-
livery, and endogenous codevelopment—each suited to different 
model structures and research needs[54].

In addition, the diversity of immune cell sources remains a 
key constraint. Whether employing peripheral blood mononu-
clear cells (PBMCs), standardized cell lines, or immune lineages 
derived from induced pluripotent stem cells (iPSCs), each option 
offers distinct advantages in terms of stability, functionality, and 
scalability[55].

Equally important are the target recognition mechanisms be-
tween immune and tissue cells, such as antigen-specific responses 
by T cells or antigen presentation by dendritic cells, which form 
the basis for functional immune interactions. Another critical 
design variable is whether to adopt single- or multi-immune-
cell systems. While monocellular setups facilitate controlled 
mechanistic studies, multicellular constructs better reflect the 
complexity of real immune networks, especially in contexts like 
inflammation, immune regulation, and antitumor modeling[56].

Based on these dimensions, the following discussion explores 
key aspects of immune microenvironment construction in organ-
oid and OoC systems—beginning with immune cell integration, 
followed by cell sourcing, targeting mechanisms, and composi-
tional strategies. Each section addresses technical challenges and 
design considerations that support immune functionality in vitro. 
This structure reflects the typical integration process of immune 
components into engineered systems—starting with cell deliv-
ery and embedding, proceeding through sourcing and targeting, 
and culminating in multicellular coordination. The framework is 

summarized in Table 2 and detailed in Sections “Immune cell in-
tegration strategies” to “Immune cell compositional strategies”.

2.1 Immune cell integration strategies

In organoid and OoC platforms, the effective integration of 
immune cells into the system is a fundamental prerequisite for 
reconstructing a functional immune microenvironment. Cur-
rent mainstream approaches include static coculture, dynamic  
perfusion-based delivery, and endogenous codevelopment. These 
strategies vary in terms of modeling efficiency, microenvironmen-
tal control, and the strength of cell-cell interactions, offering di-
verse avenues for achieving immune functionality in vitro.

2.1.1 Static coculture models

Static coculture platforms remain a foundational strategy for 
modeling immune cell behavior in vitro. These systems typically 
rely on physical proximity rather than fluid dynamics to support 
cell-cell interaction, and are often used due to their simplici-
ty and ease of implementation. Zhu et al.[57] employed a static 
contact coculture approach to introduce immune cells into a 
lung organoid system. Utilizing a “spreading Matrigel” strate-
gy, organoids were cultured within a thin layer of extracellular 
matrix (ECM) on the upper chamber of a Transwell insert, with 
part of their surface exposed to allow direct contact and at-
tachment of immune cells (Figure 1A). Alveolar macrophages 
(AMs) and interstitial macrophages (IMs), isolated from lung 
tissue, were directly added to the upper chamber and placed in 
physical proximity to the organoids embedded in the Matrigel, 
without the need for any microfluidic injection. Although hy-
drodynamic forces such as micropumps were not applied, the 
Transwell structure allowed for paracrine signaling from mesen-
chymal stem cells (MSCs) seeded in the lower chamber, enabling 
the modeling of inflammatory stimuli and simulating structural 
and signaling interactions in a “pulmonary immune unit.” This 
simple yet well-controlled model preserved natural cell-cell con-
tact and environmental cues and proved useful in studying mac-
rophage chemotaxis, activation, and inflammatory modulation 
during acute lung injury.

Unlike the standard Transwell design, Xia et al.[58] implement-
ed a 3-layer microfluidic chip to spatially separate alveolar epi-
thelium and stromal components. In this system, THP-1-derived 
macrophages were embedded within the epithelial compartment 

Table 2

Classification framework of immune microenvironment modeling strategies in organoids and OoC systems.

Modeling dimension Subcategories/technical strategies Representative models/examples

Immune cell integration 
strategies

-  Static coculture (e.g., transwell, chip-based systems)[57,58]

-  Dynamic perfusion systems (microfluidics, rocking platform)[59,60]

-  Endogenous differentiation and integration[61,62]

Static lung organoids[57], gut chip[63], CAR-T in bone marrow-on-chip[59], 
microglia in perfused brain chip[60], iPSC + HPC-derived microglia[61], 
ALI intestinal organoids from tissue biopsies[62]

Sources of immune cells -  Commercialized cell lines (Jurkat, THP-1, NK-92)[38,64]

-  PBMCs[65,66]

-  iPSC/HPC-derived immune cells[60,61]

Spleen-on-chip (THP-1)[64], LNOC (Jurkat)[38], PBMC + PDO coculture[65], 
iMG-based brain organoids[61], CO-iMs brain model[60]

Immune cell targeting -  Barrier-on-chip systems (e.g., gut, BBB)[63,67]

-  3D organoid-based systems (e.g., PDO, LCO, liver organoids)[68,69]

Neutrophil migration across gut barrier[63], microglia response in BBB 
chip[67], CD8⁺ T + liver organoid (HCV)[70], PBMC + LCO model[69], TRM 
in ALI lung organoids[71]

Immune cell 
compositional 
strategies

-  Single immune cell systems (e.g., macrophages, microglia)[58,67]

-  Multi-immune cell cocultures (e.g., macrophages + NK + 
neutrophils)[57,72]

Pulmonary fibrosis chip (M1/M2 macrophages)[58], neuroinflammation chip 
(microglia)[67], liver-immune MPS[72], AM + IM coculture lung organoid[57]

ALI, air–liquid interface; AM, alveolar macrophages; BBB, blood–brain barrier; CO-iMs, cerebral organoids with microglia; HCV, hepatitis C virus; IM, interstitial macrophages; iMG, induced microglia-like 
cells; LCO, lung cancer organoids; LNOC, lymph node-on-a-chip; NK, natural killer; PDO, patient-derived tumor organoids; TRM, tissue-resident memory T cells.
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to reconstruct a localized pulmonary immune microenviron-
ment (Figure 1B). Using static culture conditions, the system 
mimicked the alveolar epithelial–interstitial tissue interface. By 
coculturing alveolar epithelial cells, lung fibroblasts, and mac-
rophages and treating them with varying doses of bleomycin 
(BLM), the model enabled systematic analysis of immune cell 
responses during the development of pulmonary fibrosis. Simi-
lar immune coculture strategies have been widely applied to or-
gan models of the gut, liver, and lymphoid tissues to investigate  
organ-specific immune interactions.

For instance, in a gut-on-chip model, neutrophils derived from 
human peripheral blood were manually injected into the inlet 
channel, and the chip was subsequently incubated under static 
conditions. Neutrophils were able to migrate across a collagen 
gel containing macrophages and reach the polarized intestinal 
epithelial barrier[63]. Despite lacking active perfusion, this model 
effectively simulated neutrophil chemotaxis, adhesion, and tis-
sue disruption under inflammatory stimuli. The results showed 
that under lipopolysaccharide (LPS) and N-formylmethionyl- 
leucyl-phenylalanine (fMLP) stimulation, neutrophils triggered 
epithelial disintegration and upregulation of inflammatory  
mediators, demonstrating that static systems can still achieve 
robust immune infiltration modeling and offer a controllable 
platform for studying acute inflammation mechanisms.

2.1.2 Dynamic perfusion models

To more closely mimic physiological immune circulation, dy-
namic perfusion-based models have gained increasing attention. 

These systems leverage microfluidic flow to enhance immune cell 
delivery, migration, and interaction with organoid structures. 
Ghoshal et al.[59] implemented a dynamic perfusion strategy to 
deliver chimeric antigen receptor T (CAR-T) cells into a pre-
constructed human multiple myeloma bone marrow-on-a-chip 
(hMM-on-a-chip) model, where CAR-T cells were introduced 
on the second day (48 h), monitored from 60 h onward, and 
maintained their activity for up to approximately 6 days (140 h). 
This 5-channel microfluidic system mimicked the endosteal and 
perivascular niches of the bone marrow. The central channel was 
lined with osteoblasts derived from bone marrow stromal cells, 
while the peripheral channels were engineered to form perfusable 
vascular endothelial networks[59] (Figure 1C). CAR-T cells were 
introduced through medium channels and actively migrated to-
ward perivascular tumor regions containing multiple myeloma 
cells, achieving spatial colocalization and initiating cytotoxic 
immune responses. This flow-based delivery mimicked in vivo 
T-cell extravasation and infiltration and enabled real-time mon-
itoring of cell migration, proliferation, and immune cytotoxic-
ity. Using layer-resolved imaging and flow cytometry, the study 
comprehensively assessed CAR-T activation, antigen-specific  
killing, and cytokine release, highlighting the chip’s high poten-
tial for modeling cell-infusion immunotherapies.

In brain organoid studies, microglia introduction also fol-
lowed a dynamic perfusion route. Researchers designed a 
3D-printed, hollow tubular organoid-on-a-chip device in which 
the central channel and peripheral media chambers were simul-
taneously perfused with nutrients, oxygen, and immune cells[60] 
(Figure 1D). Microglia were loaded into the media reservoir 

Figure 1.  Immune cell integration strategies. (A) Static coculture of immune cells in a Transwell system. (B) Static coculture of immune cells within a microscale 
lung OoC. (C) Immune cell perfusion using a 5-channel microfluidic architecture. (D) Immune cell perfusion in a tubular organoid chip device. (E) Endogenous 
differentiation-based integration of immune cells. (F) In situ immune cell incorporation from biopsy tissue fragments. (These diagrams were independently cre-
ated by our team using the BioGDP.com platform).

BioGDP.com
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at the chip center and cultured on a rocking platform (1 rpm), 
facilitating gradual and homogeneous infiltration of microglia 
into the brain organoid matrix via fluid flow. This noninvasive 
perfusion approach enabled immune cell integration without 
physical injection, minimizing structural damage and avoiding 
central hypoxia-associated immune inactivation often seen in 
large organoids. The perfusion system ensured homogeneous 
oxygenation and continuous chemotactic stimulation, provid-
ing microglia with conditions to remain functional and mobile, 
thereby significantly enhancing the physiological relevance and 
reproducibility of the organoid-based immune model.

2.1.3 Endogenous differentiation-based integration

Beyond exogenous introduction, immune cells can also be inte-
grated into organoid systems through endogenous differentia-
tion. This approach allows immune cells to codevelop alongside 
tissue lineages, more faithfully recapitulating ontogenetic pro-
cesses. In the brain organoid model developed by Narasipura et 
al.[61], Microglia were not introduced exogenously or at a later de-
velopmental stage. Instead, they were integrated through an en-
dogenous codevelopment strategy (Figure 1E). Compared with 
conventional cerebral organoids (COs), cerebral organoids with 
microglia (CO-iMs) were more efficient at generating CD45/
CD11b/Iba-1 microglia and presented a physiologically relevant 
proportion of microglia (~7%). During embryoid body (EB) 
formation, researchers mixed human iPSCs with iPSC-derived  
hematopoietic progenitor cells (HPCs) at a defined ratio. 
Throughout subsequent organoid development (formation, 
expansion, and maturation), cultures were supplemented with 
macrophage colony-stimulating factor and interleukin-3 (IL-3) 
to synchronously induce the in situ differentiation, proliferation, 
and maturation of microglia-like cells from HPCs within the 
organoid matrix. This approach closely mimics the ontogeny 
of microglia during embryogenesis, wherein yolk sac–derived 
progenitors migrate into the developing brain and differentiate 
into mature microglia. By avoiding asynchronous cell injection 
and artificial implantation, this method reduces heterogeneity 
and enhances immune–neural integration. Moreover, the use of 
red fluorescent protein (RFP)-tagged HPCs allowed for genetic 
manipulation and lineage tracing of the microglial population, 
offering valuable insights into cell fate and function. Compared 
to exogenous methods, this endogenous differentiation strate-
gy significantly improved microglial localization, viability, and 
immunocompetence while enabling coordinated development 
alongside neurons and astrocytes, establishing a more physio-
logically relevant immune-competent brain organoid model.

In parallel, Santos et al.[62] proposed an endogenous modeling 
method for the gut immune environment using an air–liquid in-
terface (ALI) intestinal organoid system, directly derived from 
human small intestinal biopsy fragments (Figure 1F). These 
unmanipulated tissue segments retained their native epithelial, 
mesenchymal, and tissue-resident immune cell components and 
were embedded in collagen matrices for long-term culture in a 
Transwell system under ALI conditions. Notably, this system 
supported stable growth for over 1 year without disrupting the 
native mucosal structure or immune cell spatial organization. 
By preserving the intrinsic architecture and immune compo-
sition of the lamina propria, this model achieved high-fidelity 
reconstruction of the intestinal mucosal immune microenviron-
ment. It offers a robust and physiologically relevant platform 
for studying diseases requiring in situ immune activation, such 
as celiac disease, where accurate simulation of localized immune 

interactions is essential. These endogenously maintained organ-
oid models represent a significant advancement in modeling 
immune-tissue interactions without the need for exogenous ma-
nipulation, providing enhanced reproducibility and translation-
al potential for autoimmune, infectious, and neuroinflammatory 
disease research.

2.2 Sources of immune cells

A primary challenge in constructing in vitro models with im-
mune functionality lies in the appropriate selection of im-
mune cell sources, which is essential to effectively reconstruct 
a realistic and complex immune microenvironment. Currently, 
commonly used immune cells can be broadly classified into 3  
categories: PBMCs[59], differentiated immune cells derived from 
iPSCs or HPCs[73], and standardized experimental cell lines (e.g., 
Jurkat, NK-92)[74]. These 3 sources differ in terms of accessi-
bility, retention of immune function, individual specificity, and 
expansion potential, thereby providing distinct foundations for 
various modeling strategies.

2.2.1 Cell lines: high standardization and reproducibility

In the development of in vitro immune models, commercially 
available immune cell lines (such as the Jurkat T-cell line, THP-1 
monocyte cell line, NK-92 natural killer cell line, and neutro-
phils) are frequently employed as the initial platform due to their 
high degree of controllability, standardization, and reproduc-
ibility. These lines are commonly used for immune mechanism 
validation and preliminary drug screening studies[75,76]. For ex-
ample, Qiang et al.[64] utilized macrophages differentiated from 
the THP-1 cell line to mimic red pulp-resident macrophages of 
the spleen, constructing a spleen-mimicking organ-on-chip sys-
tem to investigate the role of macrophages in clearing abnor-
mal red blood cells in sickle cell disease (SCD) (Figure 2A). This 
study revealed enhanced adhesion and phagocytosis dynamics 
between macrophages and SCD red blood cells under hypoxic 
conditions, offering a novel perspective on the functional roles 
of myeloid cells in tissue immunity.

Similarly, German et al. employed the Jurkat cell line, de-
rived from human T-cell leukemia, as a model T lymphocyte 
and introduced it into a lymph-node-on-chip system to simu-
late the behavior of circulating T cells within lymphatic fluid[38] 
(Figure 2B). Owing to its remarkable stability and scalability, 
this immortalized commercial cell line is widely utilized in stud-
ies of T-cell signaling and immune regulation. In their experi-
ments, Jurkat cells were coinjected with bovine serum albumin/
tannic acid (BSA/TA) nanoparticles of varying diameters into 
the chip to assess their distribution, penetration, and delivery 
performance around 4T1 breast cancer organoids. The findings 
demonstrated that such standardized cell lines not only emu-
late fundamental immune behaviors but also serve as effective 
models for evaluating drug delivery and immune infiltration 
capacities.

2.2.2 PBMCs: conventional and efficient

PBMCs have emerged as a critical component in constructing 
individualized immune response models due to their abundant 
immune subpopulations and preserved innate immune activity. 
PBMCs are widely accessible and easily isolated, encompassing 
key immune subsets such as T cells, B cells, natural killer (NK) 
cells, and monocytes. At the same time, the use of patient-derived 
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PBMCs requires careful ethical oversight, particularly with re-
spect to informed consent and donor privacy when genetic or 
clinical data are involved. Their full immunocompetence makes 
them particularly suitable for modeling patient-specific tumor 
organoids or organ-on-chip systems aimed at evaluating per-
sonalized immune responses and immunotherapeutic drug 
efficacy[77–79].

For instance, Gao et al.[65] developed a microfluidic platform 
to evaluate the interactions between patient-derived tumor or-
ganoids (PDOs) and immune cells. PBMCs were isolated from 
lung cancer patients using density gradient centrifugation, and 
their T-cell subtypes were quantified via flow cytometry. These 
cells were then statically seeded onto the chip and cocultured 
with PDOs to simulate the in situ immune microenvironment. 
Under immune checkpoint blockade (e.g., anti-programmed cell 
death protein 1 [PD1]), CD8⁺ T cells within the PBMCs demon-
strated significant chemotaxis into the organoids, inducing tu-
mor cell apoptosis. The use of autologously paired PBMCs and 
PDOs allowed the coculture system to effectively mimic person-
alized immune landscapes, offering a high-fidelity experimental 
platform for assessing immunotherapeutic responses.

In a similar study, researchers investigated immune interac-
tions with human kidney organoids by isolating T cells from 
PBMCs and coculturing them with kidney organoids derived 
from iPSCs. The PBMC-derived T cells successfully infiltrated 
the organoid tubules and interacted with internal structures, 
leading to significant structural damage. This immune-mediated  
injury was accompanied by the upregulation of immune 

response-related genes in both epithelial and stromal cells within 
the organoids, including heightened expression of human leuko-
cyteantigen (HLA) genes[66]. Despite their robust native immune 
function and patient specificity, PBMCs suffer from limited scal-
ability and standardization, making cell lines a more controlled 
alternative for high-throughput or highly reproducible studies.

2.2.3 iPSCs/HPCs: controllability and scalability

Although PBMCs excel in individualized modeling, their sub-
stantial batch-to-batch variability and poor scalability restrict 
their use in high-throughput applications. In contrast, advances 
in stem cell technology have introduced a promising alterna-
tive—immune cells derived from iPSCs or HPCs. These sources 
offer both controllability and expandability. Nonetheless, eth-
ical considerations remain, particularly regarding genome ed-
iting procedures and the long-term storage of stem cell lines. 
Together, these features position them as viable replacements for 
PBMCs in standardized immunological studies.

For example, Narasipura et al.[61] developed a brain organ-
oid model containing microglia-like cells, in which the im-
mune components originated from iPSC-derived HPCs. iPSCs 
were cocultured with HPCs during early EB formation, where 
HPCs spontaneously differentiated into microglia-like cells 
within a neurodevelopmental context. These cells expressed 
canonical markers such as CD45⁺, CD11b⁺, and Iba1⁺, and 
retained microglial homeostatic genes like TMEM119, CX-
3CR1, and CSF1-R, indicating functional maturity. Compared 

Figure 2.  Schematic representations of spleen-on-a-chip and lymph node-on-a-chip systems. (A) Spleen-on-a-chip: (a) Schematic of the oxygen gradient 
near the splenic sinus. Two structural and functional filters—the S-filter and M-filter—are biomimetically modeled in vitro using the S-chip and M-chip, 
respectively. (b) Cross-sectional view of the S-chip, showing the process and obstruction of red blood cells (RBCs) traversing the biomimetic splenic slits:(i) 
microfluidic channels; (ii) AA-type oxygenated RBC filtration; (iii) SS-type oxygenated RBC filtration; (iv) SS-type deoxygenated RBC filtration. (c) Schematic 
of the M-chip: blood flows through channels lined with adherent macrophages, while oxygen concentration is regulated via an overlying gas channel[64]. 
Copyright 2023, The Authors. (B) Lymph node-on-a-chip: schematic of a natural human lymph node and the structural design of the LNOC[38]. Copyright 
2019, The Authors.
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to exogenously injected cells or immortalized lines, these stem 
cell-derived microglia not only exhibited higher abundance 
(~7%) but also integrated naturally within the developing brain 
organoid, interacting physiologically with neurons and astro-
cytes. Under HIV-infection conditions, the model displayed typ-
ical inflammatory responses and viral reactivity, validating its 
relevance in studying neuroimmune-viral interactions.

In another study, researchers established a human brain  
organoid-on-a-chip system incorporating microglia-like cells 
(iMGs) derived from embryonic stem cells (hESCs, WA01 line) 
via HPC differentiation[60]. These iMGs exhibited lower baseline 
activation and heightened responsiveness to inflammatory stim-
uli (e.g., LPS/adenosine triphosphate [ATP]), making them more 
reflective of native human microglial phenotypes compared to 
commercialized microglial lines like HMC3. Moreover, iMGs 
demonstrated strong integration capability and morphological 
consistency, maintaining a stable, ramified “resting” state within 
the cerebral microenvironment and transforming into an acti-
vated phenotype upon stimulation. This enhanced fidelity and 
controllability greatly improve the system’s reliability in model-
ing human neuroinflammation.

In Conclusion, from the high standardization of commercial 
cell lines to the innate immunological complexity of PBMCs 
and the controllability and plasticity of iPSC/HPC-derived cells, 
these 3 immune cell sources offer distinct yet complementary 
strategies for constructing functional in vitro immune models. 
Appropriately aligning the modeling objectives with the choice 
of immune cell source is a central principle in the successful 
reconstruction of immune functionality in organoid and organ-
on-chip systems.

To better highlight the functional trade-offs among different 
immune cell sources, Table 3 provides a comparative summa-
ry across functional fidelity, patient specificity, and scalability, 
along with representative applications.

2.3 Immune cell targeting

Immune cells, in fulfilling their defensive and regulatory roles, 
must rely on precise spatial positioning and dynamic response 
mechanisms to perform targeted recognition of specific tissue 
microenvironments and subsequently execute a cascade of 
effector functions. This process involves not only direct rec-
ognition of pathogenic agents but also the ability to traverse 
physiological barriers, infiltrate tissues, sense ECM signals, 
and coordinate responses with other cell types[82]. The rapid 
advancement of organ-on-chip and 3D organoid technologies 
has enabled researchers to simulate critical immunological 
events—such as barrier disruption, immune cell migration, and 

activation—within highly biomimetic environments, facilitating 
deeper insights into tissue-specific immune responses.

This section analyzes immune targeting behaviors through 2 
main model categories (Figure 3):

	(A)	Barrier-on-chip models, which replicate physiological inter-
faces like epithelia or the blood–brain barrier (BBB), fo-
cusing on how immune cells traverse physical barriers and 
modulate tissue homeostasis;

	 (B)	3D organoid models, including tumor spheroids and 
PDOs, which emphasize the chemotaxis, recognition, and 
cytotoxic responses of immune cells in complex 3D tissue 
microenvironments.

2.3.1 Barrier-on-chip models

Gjorevski et al.[63] developed a fully functional intestinal im-
mune organ-on-chip to recapitulate the entire process of neu-
trophil targeting and translocation across epithelial barriers. 
The model emulates typical inflammatory conditions in the gut, 
where neutrophils are recruited to mucosal interfaces and ex-
hibit enhanced migratory and transmigration capacities when 
cocultured with activated THP-1-derived macrophages. The 
barrier was formed by perfusable Caco-2 epithelial tubules, 
while THP-1 macrophages were embedded in lateral collagen 
matrices to simulate lamina propria immune cells. Under stim-
ulation with LPS and fMLP, and in conditions of epithelial bar-
rier disruption, neutrophils were able to effectively traverse the 
ECM, reach sub-barrier regions, and cause epithelial structur-
al disintegration, cell detachment, and death, accompanied by 
the release of tumor necrosis factor alpha (TNF-α) and matrix 
metalloproteinases (MMP-8/9). This model highlights the dual 
role of neutrophils: as frontline responders in host defense and 
as contributors to chronic inflammation and tissue damage, 
underscoring their importance in inflammatory bowel disease 
pathogenesis.

Similarly, Zeng et al. constructed a biomimetic BBB-on-chip 
model that integrates endothelial cells, astrocytes, and HMC3 
microglia to simulate both physiological and pathological 
neurovascular environments[67]. The chip features a 3-channel 
parallel design: the central channel is filled with either Matri-
gel or fibrin to represent normal basement membrane or fibrin 
deposition in BBB dysfunction, while adjacent channels are 
seeded with hCMEC/D3 brain endothelial cells and HMC3 
microglia. Upon LPS stimulation in the healthy BBB model, 
astrocyte surface area increased, microglial migration speed 
rose significantly to 0.58 μm/min, and CD68 expression was 

Table 3

Comparative evaluation of immune cell sources.

Source
Functional fidelity (e.g., cytokine secretion, 

antigen presentation, plasticity)
Patient specificity (genomic 
stability, donor variability)

Scalability and 
reproducibility

Representative 
applications

Cell lines High reproducibility; limited functional plasticity (e.g., 
poor M1/M2 polarization[80])

Not patient-specific High scalability Mechanistic studies, early 
drug evaluation[64,75,76]

PBMCs Retain key immune functions such as cytokine 
secretion, TCR signaling, and NK cell cytotoxicity[81]

Allows for personalized 
immunological readouts, high 
interindividual variability

Limited scalability Widely used in tumor 
immunology[65]

iPSC/HPC-derived 
immune cells

High physiological fidelity Genomic stability depends on 
reprogramming process[73]

Expansible Modeling neuroimmune 
interactions[61]

NK, natural killer; TCR, T-cell receptor.
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upregulated 2.3-fold. In contrast, microglia in the pathological 
fibrin-laden environment exhibited attenuated responses—mi-
gration slowed to 0.37 μm/min, and CD68 levels remained un-
changed—indicating immune hypo-responsiveness in diseased 
microenvironments. These findings validate the model’s utility 
in studying immune dysfunctions and screening neuroinflam-
matory therapies.

2.3.2 Targeted 3D organoid models

In recent years, coculture systems integrating PDOs and immune 
cells—particularly T cells—have emerged as powerful tools for 
dissecting immune cell behavior within the 3D tumor micro-
environment (TME)[83,84]. Jeong et al.[68] systematically reviewed 
immune-PDO coculture strategies involving PBMCs, tumor- 
infiltrating lymphocytes (TILs), and engineered T-cell receptor 
(TCR)/CAR-T cells, highlighting their chemotactic migration, 
immune synapse formation, and antigen-specific cytotoxicity 
within organoid structures. T cells were shown to actively mi-
grate through Matrigel toward PDO surfaces, establish immune 
synapses, and induce interferon-γ (IFN-γ) release and tumor cell 
apoptosis. Moreover, the study discussed enhancing immune cell 
efficacy through interventions like CD39 inhibition and PD-1 
blockade, demonstrating improved infiltration and cytotoxicity 
within 3D organoid systems. These results confirm that immune 
cells exhibit spatial targeting and functional specificity in organ-
oid environments, making these platforms highly faithful mod-
els for simulating the tumor-immune landscape.

Similarly, Li et al.[69] constructed a 3D coculture model based 
on a gel-liquid interface, combining PBMCs with lung cancer 
organoids (LCOs), to replicate immune cell-directed infiltra-
tion and antitumor effects. In this system, PBMCs were seeded 
on top of the Matrigel, while LCOs were embedded at the gel 
base, creating a defined spatial path for immune cell chemo-
taxis and infiltration. Under PD-1 blockade, peripheral CD8⁺ 
T cells successfully traversed the matrix, deeply infiltrated 

organoid structures, and exhibited potent cytotoxicity, marked 
by increased IFN-γ and CD107a expression. This model 
demonstrated robust immune infiltration and tumor cell killing, 
providing a physiologically relevant platform for modeling the 
tumor-targeting capabilities of peripheral immune cells in 3D 
tumor organoids.

To achieve high-fidelity modeling of immune cell targeting un-
der viral infection, Natarajan et al.[70] developed a microfluidic 
coculture system incorporating HLA-matched exogenous CD8⁺ 
T cells and liver organoids, aiming to investigate antigen-specific 
cytotoxic responses against hepatitis C virus (HCV). Research-
ers isolated and clonally expanded T cells specific to the NS3 
peptide epitope (KLVALGINAV) from donors who had natu-
rally cleared HCV infection. These T cells were then cocultured 
within a microfluidic chip with adult stem cell-derived liver or-
ganoids expressing HLA-A0201. Upon peptide pulsing of the 
organoids, the antigen-specific CD8⁺ T cells migrated through 
the chip’s microchannels and infiltrated the organoid compart-
ment, executing antigen-dependent cytotoxicity. Within 60 h, 
organoid viability dropped below 20%, demonstrating a robust 
and specific immune effect. This platform effectively recapitulat-
ed the entire cascade of viral antigen presentation, immune cell 
migration, recognition, and killing within a controlled setting, 
offering a powerful paradigm for constructing targeted immune 
microenvironments in virus-infected organoid systems.

Beyond the use of exogenous immune interventions, other 
studies have leveraged endogenous tissue-resident immune cells 
to model viral immunity. Choi et al.[71] established a 3D ALI 
lung organoid model derived from unenzymatically processed 
adult human lung tissue, thereby retaining the native epithe-
lial, stromal, and immune components—including T cells, B 
cells, NK cells, and macrophages—with a notable presence of 
CD69⁺CD103⁺ tissue resident memory T cells (TRM). Upon 
SARS-CoV-2 infection, the organoids accurately reflected vi-
ral tropism, predominantly targeting alveolar type II cells. Im-
portantly, the model also activated both innate and adaptive 

Figure 3.  Targeted recognition by immune cells. (A) Schematic representation of a barrier-crossing model. (B) Immune cell targeting and infiltration within a 3D 
organoid model. (These diagrams were independently created by our team using the BioGDP.com platform).

BioGDP.com
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immune responses intrinsic to the lung tissue, including cyto-
kine production, antigen presentation, TCR clonal expansion, 
and activation of virus-specific CD8⁺ T cells. These processes 
occurred independently of peripheral lymphoid organs, faith-
fully mirroring the immunological dynamics of lung-resident  
responses. This study provides an important model for explor-
ing tissue-specific antiviral immunity and immune memory un-
der physiologically relevant conditions.

Collectively, these findings highlight that immune cells’ target 
recognition and effector functions are intricately dependent on 
the structural and dynamic signals within their microenviron-
ment. Barrier-on-chip models, by simulating tissue permeabil-
ity and inflammatory states, enable precise dissection of how 
immune cells traverse physical obstacles and modulate tissue 
homeostasis or injury. Meanwhile, 3D organoid coculture sys-
tems reveal how immune cells execute chemotaxis, antigen rec-
ognition, and cytotoxicity within complex tissue architectures. 
Whether modeling responses to tumors, viral infections, or 
autoimmune triggers, these advanced platforms provide high- 
fidelity, physiologically relevant environments that overcome 
the spatial, cellular, and functional limitations of traditional 2D 
cultures. A concise comparison of these 2 platforms is provided 
in Table 4 to highlight their respective features and applications.

Such models offer critical support for decoding the spatial- 
temporal dynamics of immune interactions and developing 
next-generation immunotherapies. By bridging immunological 
function with microengineering and tissue biology, they mark a 
transformative shift toward precision modeling of immune re-
sponses in human disease.

Although organoid and chip-based systems have successfully 
recapitulated immune cell infiltration phenomena, a deeper un-
derstanding still requires elucidation of the molecular pathways 
driving these processes. In our framework, these regulatory mech-
anisms can be broadly categorized into 5 interconnected layers, 
which are illustrated in Figure 4 of this work. At the foundation 
lie chemokine gradients and adhesion molecule interactions, 
which directly govern the directionality and localization of im-
mune cell migration. Building on this, major signaling pathways 
such as JAK/STAT[85], NF-κB[86], and PI3K/AKT[87,88] modulate 
transcriptional programs and metabolic states to fine-tune cellu-
lar responses. In parallel, the microenvironment exerts profound 
modulatory effects through factors like TGF-β/SMAD[89] signal-
ing, hypoxia-driven hypoxia-inducible factor 1 alpha (HIF-1α) 
activation[90], lactate metabolism[91], and ECM remodeling[92], 
each of which reshapes immune infiltration capacity and func-
tional states. Ultimately, these layered regulatory inputs converge 

on tissue effector functions, particularly antigen presentation and 
immune checkpoint signaling, thereby determining the efficacy 
and durability of immune responses. Among these dimensions, the 
present text focuses primarily on the first 2—chemokine-driven  
migratory cues and adhesion molecule-mediated interactions—as 
central regulators of immune cell migration and targeting. Their 
integration into organoid and chip-based systems not only re-
produces physiologically relevant infiltration dynamics but also 
establishes a foundation for incorporating more complex regula-
tory layers in future immune modeling.

2.3.3 Molecular pathways guiding immune cell infiltration

2.3.3.1 Chemokine-driven infiltration  Chemokines play 
a central role in directing immune cell migration and tissue 
infiltration within organoid and OoC systems. Among the 
best-characterized pathways, the CXCL9/10/11-CXCR3 axis 
plays a pivotal role in the recruitment of immune cells and the 
formation of cancer-specific immunity in various cancers[92,93]. 
Elevated expression of CXCL9/10 by tumor-associated stromal 
cells has been shown to enhance T-cell chemotaxis, thereby 
promoting immune surveillance[94,95]. Similarly, the chemokine 
receptor CCR7 and its ligands CCL19 and CCL21 control 
a diverse array of migratory events in adaptive immune 
function[96]. Most prominently, CCR7 promotes homing of T 
cells and dendritic cells (DCs) to T cell areas of lymphoid tissues 
where T cell priming occurs, a process that is highly relevant 
for recreating immune priming niches in vitro. Conversely, the 
CXCL12–CXCR4 pathway often facilitates tumor progression 
by attracting immunosuppressive populations such as regulatory 
T cells and myeloid-derived suppressor cells (MDSCs)[97]. 
These opposing roles underscore the importance of chemokine 
gradients as critical regulators of immune cell targeting, and 
highlight opportunities to engineer microfluidic platforms 
capable of generating precise, controllable chemokine fields to 
modulate immune infiltration.

2.3.3.2 Adhesion-mediated trafficking  In addition to 
chemokine signaling, adhesion molecules are indispensable for 
guiding immune cells across endothelial or stromal barriers 
and for stabilizing immune cell interactions. A prototypical 
mechanism involves LFA-1 (integrin αLβ2) on T cells binding 
to intercellular adhesion molecule-1 (ICAM-1), a process 
essential for firm arrest[98]. Similarly, the interaction between 
very late antigen-4 (VLA-4) and its ligand vascular cell adhesion 
molecule-1 (VCAM-1) plays a critical role in immune cell 
adhesion and localization. This pathway facilitates immune cell 
retention and infiltration within inflamed tissues or TMEs, with 
its effectiveness strongly influenced by cellular activation status 
and local shear stress[99]. Together, these adhesion cascades act 
in concert with chemokine gradients to enable stepwise immune 
cell extravasation and tissue infiltration. Reproducing such 
interactions in vitro is therefore essential for physiologically 
relevant immune-on-a-chip models, where coating channels 
with ICAM-1 or VCAM-1 or modulating shear stress can be 
leveraged to better mimic immune cell trafficking dynamics.

2.4 Immune cell compositional strategies

2.4.1 Single-type immune cell systems: platforms for mod-
eling specific immune responses

To simulate the dynamic progression of BLM-induced idiopath-
ic pulmonary fibrosis (IPF), researchers developed a biomimetic 
lung organ-on-chip integrating macrophages. The chip design 
features a polydimethylsiloxane (PDMS) porous membrane that 
structurally separates the epithelial and stromal compartments 

Table 4

Comparative characteristics of immune cell targeting in barrier-
on-chip and 3D organoid platforms.

Feature Barrier-on-chip models 3D organoid models

Simulated structure Physiological barriers (e.g., 
intestinal epithelium[63], BBB[67])

3D tissue architecture (e.g., 
tumor spheroids[83,84], 
viral organoids[70])

Immune behavior Translocation, barrier disruption, 
and adhesion by neutrophils/
microglia

Infiltration, antigen 
recognition, and 
cytotoxicity by PBMCs 
or T cells

Disease applications Inflammatory bowel disease, 
neuroinflammation, barrier 
dysfunction

Tumor immunity, antiviral 
responses (e.g., HCV[70], 
SARS-CoV-2[71])

 
BBB, blood–brain barrier; HCV, hepatitis C virus.
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and introduces THP-1-derived macrophages, enabling the in 
vitro construction of a controllable single-immune microenvi-
ronment[58] (Figure 5A). Upon BLM stimulation, macrophages 
initially polarize toward the M1 phenotype (expressing IL-1β, 
TNF-α), mediating inflammatory responses. With prolonged ex-
posure, they shift toward the M2 phenotype, promoting TGF-β1 
secretion and collagen deposition via activation of the PI3K-
AKT pathway. Integrating transcriptomics, immunofluorescence 
staining, qPCR, and ELISA, the study systematically character-
ized macrophage functional transitions in IPF from molecular to 
tissue levels. This work offers both mechanistic insights and an 
experimental platform supporting antifibrotic strategies target-
ing M2 polarization.

In the nervous system, a similar approach incorporated mi-
croglia into a neuroimmune chip. The model integrates brain 
microvascular endothelial cells, astrocytes, and microglia to 
construct a 3D physiologically functional BBB organ-on-chip[67]. 
Upon LPS stimulation, the model demonstrated increased BBB 
permeability, microglial activation, and inflammatory cytokine 
release, effectively recapitulating hallmark features of neuroin-
flammation. This model underscores the utility of single-immune- 
cell systems for dissecting the relationship between immune  
activation and barrier integrity.

While single-immune-cell models offer the advantage of sim-
plicity and precise control, facilitating focused investigations on 
cell-specific mechanisms, they inherently lack the complexity 

Figure 4.  Molecular drivers of immune cell infiltration (These diagrams were independently created by our team using the BioGDP.com platform).

Figure 5.  Representative immune cell compositional strategies in OoC models. (A) Lung-on-a-chip: schematic illustration of the chip design, assembly process, 
final fabricated device, and scanning electron microscopy (SEM) image of the cross-section along line a–b[58]. Copyright 2025, The Authors (B) Liver-on-a-chip: 
(a) the illustration of the immune-mediated drug-induced liver injury (left), the design of the LIMPS (middle), and the gravity-based pumping (right); (b) structural 
overview of the liver microphysiological system (LIMPS) chip and a magnified view of the microfluidic channels[72]. Copyright 2024, The Authors.

BioGDP.com
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required to simulate coordinated immune cascades and intercel-
lular synergy found in physiological immune responses.

2.4.2 Multi-immune-cell systems: reconstruction strategies 
approaching physiological complexity

In contrast, emerging multi-immune-cell coculture systems of-
fer greater physiological relevance by enabling investigation 
of intricate cellular interactions and immune feedback mech-
anisms. Deng et al.[72] developed a liver-immune microphys-
iological system (MPS) integrating microfluidics and diverse 
immune cells to simulate drug-induced immune-mediated 
liver injury. The system features a 3-channel microfluidic de-
sign: HepG2 hepatocytes are seeded in the central channel, 
while the flanking channels introduce drug-containing me-
dium and 3 immune cell types (THP-1-derived macrophages, 
HL-60-derived neutrophils, and NK-92 natural killer cells). 
Gravity-driven flow facilitates dynamic nutrient exchange and 
signal transduction (Figure 5B). When exposed to the clinical-
ly relevant dose (15 μM) of troglitazone (TGZ), the system 
captured hallmark responses: enhanced neutrophil-hepatocyte  
adhesion, increased M1 macrophage ratio, and elevated in-
flammatory cytokine expression, culminating in hepatocellular 
injury and death. Enabled by real-time imaging, the platform 
revealed intercellular interactions difficult to observe in tradi-
tional static cultures, offering a sensitive and predictive tool for 
preclinical assessment of immune-mediated hepatotoxicity.

In pulmonary organoid research, Zhu et al.[57] developed a 
more complex immune coculture model involving 2 prima-
ry macrophage subtypes (AMs and IMs), isolated respectively 
from bronchoalveolar lavage fluid and lung parenchyma. These 
were incorporated into a lung organoid model. AMs, located in 
the alveolar lumen, primarily handle phagocytosis and early im-
mune responses; in contrast, IMs reside near blood vessels and 
basement membranes, specializing in antigen presentation and 
immune regulation. Upon LPS stimulation, the model success-
fully captured differences in migration, aggregation, cytokine 
secretion (e.g., IL-6, TNF-α), reactive oxygen species (ROS) pro-
duction, and nod-, lrr-, and pyrin domain-containing protein 3 
(NLRP3) inflammasome activation between AMs and IMs. The 
study highlights how coordinated actions between immune cell 
subsets enhance the physiological fidelity of complex immune 
microenvironment models.

In summary, single-immune-cell systems offer structural sim-
plicity and tightly controlled variables, making them ideal for 
studying the phenotypic transitions and signaling pathways 
of specific immune cell types, such as M1/M2 polarization in 
macrophages or microglial activation. However, they fall short 
in replicating the multifaceted pathophysiological landscape of 
diseases, particularly in simulating cascade responses and func-
tional complementarity among immune cells.

Conversely, multi-immune-cell systems enable a higher-order 
coupling of spatial architecture, signal transduction, and cell 
behavior by incorporating diverse immune subtypes. These sys-
tems more accurately mimic the complexity of native immune 
microenvironments. With advances in microfluidics, cellular la-
beling, and primary cell isolation, future in vitro disease models 
are expected to evolve toward greater complexity and dynamic 
multicellular interactions, ultimately offering more precise and 
reliable platforms for studying immunopathology and predict-
ing therapeutic responses.

To achieve a comprehensive understanding of immune micro-
environment reconstruction within organ-on-chip and organoid 

platforms, we categorized and synthesized current strategies 
along 4 primary dimensions.

First, we categorized immune cell integration approaches, 
highlighting how immune cells are introduced into the system 
through static coculture, perfusion-based delivery, or endoge-
nous differentiation. These methods offer different advantages 
in spatial-temporal coordination with tissue structures and in-
fluence subsequent immune activity. Second, we examined the 
diversity of immune cell sources, encompassing a spectrum from 
standardized cell lines to immune cells derived from iPSCs and 
HPCs. Each source presents unique advantages in terms of ac-
cessibility, standardization, and physiological relevance. Third, 
we explored the target recognition and effector specificity of im-
mune cells, highlighting how immune cells identify, migrate to-
ward, and exert functions in response to specific tissue contexts. 
This dimension elucidates key mechanisms of cell-cell communi-
cation, barrier crossing, and antigen-specific responses. Fourth, 
we distinguished between single-immune-cell systems and multi-
immune-cell systems, comparing their respective strengths and 
limitations. While single-cell systems offer controllability and 
mechanistic clarity, multicellular systems better recapitulate the 
complexity and feedback of in vivo immune responses.

This classification framework not only systematizes the cur-
rent landscape of immune microenvironment modeling tech-
nologies but also provides theoretical guidance for establishing 
generalizable principles and tailored design strategies in future 
immune-integrated organoid and organ-on-chip platforms.

3. Applications of immune organoid coculture 
systems

3.1 The role of immune organoid-on-a-chip models in 
tumor therapy

Traditional animal models and 2D cell culture systems have sig-
nificant limitations in simulating tumor biology and drug re-
sponsiveness, as they cannot fully replicate the complex TME of 
human tumors[100]. Organoids, capable of replicating the phys-
iological and pathological characteristics of the original tissues 
in vivo, play a crucial role in accurately modeling tumor hetero-
geneity and the TME. The TME, composed of cancer cells, im-
mune cell populations, stromal cells, and soluble molecules such 
as cytokines and growth factors, exerts a decisive influence on 
tumor initiation and progression by affecting multiple aspects 
of tissues, including metabolism, angiogenesis, and the immune 
system. Microfluidic OoC devices, featuring various micrometer- 
scale structures, support the coculture of cells or tissues, en-
abling the study of physiological and pathological systems in a 
highly controlled manner[101]. Utilizing organoid-on-a-chip mod-
els to investigate the killing effects of immune cell therapy on tu-
mors allows for the study of key physiological aspects of tissues 
or organs, the interactions between cells (parenchymal cells, 
vascular cells, and immune cells) and their ECM molecules, the 
impact of native tissue architecture (geometry, dynamic flow, or 
mechanical forces) on tissue function, as well as the elucidation 
of mechanisms underlying tissue-specific diseases and drug test-
ing[69]. Meanwhile, employing personalized tumor models that 
resemble the characteristics of the original tumor, preserving ge-
nomic, phenotypic features, and drug response profiles, enables 
more accurate prediction of patient responses to drugs. Tumor 
organoid models thus facilitate personalized cancer treatment 
approaches tailored to each patient[102]. By dynamically recon-
structing the heterogeneous TME, organoid-on-a-chip models 
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serve the following roles in the field of tumor therapy: (1) eval-
uation of immune cell therapy; (2) accelerating the translation 
process of antitumor drugs from in vitro validation to clinical 
trials, providing a highly biomimetic research platform for 
breaking through the bottlenecks in tumor therapy; and (3) in-
depth analysis of cancer molecular mechanisms such as drug 
resistance. Figure 6 presents a summary diagram of the appli-
cations of organoids and OoC technologies in various aspects.

3.1.1 The role of tumor organoid-on-a-chip in the 
evaluation of immune cell therapy

The immune microenvironment plays a pivotal role in tumor 
therapy research, as it not only participates in tumor initia-
tion and progression but also serves as a critical barrier to the  
efficacy of immunotherapy. Reshaping the immune microenvi-
ronment can significantly enhance the response rate to immu-
notherapy. Tumor organoid-on-a-chip technology integrates 
patient-derived tumor tissues with microfluidics to construct 
highly biomimetic 3D dynamic models, providing an in vitro 
research platform that closely approximates clinical reality for 
precise medication. By simulating the processes of drug pene-
tration, metabolism, and cellular response within tumor tissues, 
this technology enables efficient screening of personalized treat-
ment regimens (such as testing sensitivity to targeted drugs and 
optimizing combinations of immunotherapy and chemotherapy 

agents) (Figure 7A)[103]. Illustrates a schematic diagram of the 
application of tumor organoid-on-a-chip in immune cell thera-
py. Depending on the types of immune cells contained within the 
tumor organoids, they can be categorized into tumor organoids 
with an inherent immune microenvironment and tumor organ-
oids cocultured with immune cells for cell therapy applications.

3.1.1.1 Coculture model of tumor organoids and CAR-T 
cells  CAR-T cell therapy is a novel form of adoptive 
immunotherapy that involves the genetic engineering of T 
lymphocytes using viral vectors carrying CARs. This represents a 
significant advancement in the field of cancer treatment[105]. Jiang 
et al. constructed 2 types of bladder cancer organoids (BCOs) 
expressing or not expressing B7H3, along with CAR-T cells 
targeting B7H3. They cocultured these to evaluate the antitumor 
function of CAR-T cells. When B7H3 CAR-T cells were cocultured 
with B7H3-expressing BCOs, the secretion of cytokines IFN-γ and 
IL-2 significantly increased. However, no significant differences 
were observed in ascites-derived organoids that did not express 
B7H3. The results indicated that specific antigen recognition and 
immune activation occurred during the coculture process, and the 
immune organoid coculture system could be used to determine 
drug sensitivity and immune-specific responses in vitro[106]. Song 
et al. established a glioblastoma (GBM) organoid model and 
observed the antitumor effects by coculturing it with CAR-T 
cells in combination with the inhibitor of apoptosis protein (IAP) 
antagonist birinapant. The results showed that the IAP antagonist 
made patient-derived primary GBM organoids more sensitive to 

Figure 6.  Summary of applications of organoids and OoC technologies.
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apoptosis induced by cytokines (such as tumor necrosis factor) 
secreted by CAR-T cells, thereby preventing antigen escape and 
enhancing the efficacy of CAR-T cell therapy[107]. Wehrli et al. 
constructed a genetically engineered cellular product, mesoFAP 
CAR-TEAM cells, which target mesothelin and secrete fibroblast 
activation protein (FAP). Using a PDAC organoid model derived 
from patient tumors along with immune/stromal cells, they 
evaluated the efficacy of mesoFAP CAR-TEAM cells. Compared 
with engineered T cells targeting only a single antigen, mesoFAP-
treated organoid cocultures showed a significant reduction in 
cancer-associated fibroblasts (CAFs) on days 2 and 5, indicating 
that MesoFAP CAR-TEAM cells exhibited stronger and more 
targeted effects in eliminating PDAC and CAFs[108]. Porter et 
al. utilized a prostate cancer patient-derived organoid model 
to test the impact of Lewis Y CAR-T cells in combination with 
carboplatin, docetaxel, or the checkpoint inhibitor nivolumab 
on tumor growth. The study revealed that carboplatin could 
synergize with CAR-T therapy, promoting early and sustained 
infiltration and activation of CAR-T cells in specific prostate 
cancers[109].

3.1.1.2 Coculture model of tumor organoids and NK 
cells  NK cells are major effector cells in antitumor immunity. 
With the increasing number of clinical trials aimed at 
developing and improving chimeric antigen receptor-NK 
immunotherapies, there is a growing demand for a rapid and 
accurate detection system to screen for changes in the cytotoxic 
function of NK cells[110]. For instance, Oh et al. demonstrated 
the tumor-killing effect of NK cells by coculturing them with 
LCOs. Furthermore, pretreating NK cells with the TGF-β 
inhibitor A83-01 significantly enhanced NK cell-induced 
cell death in LCOs[111]. In addition to studying interactions 
between tumor organoids and NK cells, researchers have also 
explored the interactions between normal tissues and NK cells. 
For example, Ziegler et al. cocultured primary human liver 
organoids with CD56bright NK cells, NK cells can be divided 
into 2 subsets: CD56bright and CD56dim, which represent 
the major population of intrahepatic resident NK cells. Their 
study revealed that NK cells migrate into liver organoids and 
upregulate T cell immunoreceptor with Ig and ITIM domains 
(TIGIT) expression while downregulating danx accessory 
molecule-1 (DNAM-1) expression. TIGIT is a coinhibitory 

receptor that reduces NK cell cytotoxicity and is involved in 
NK cell exhaustion. Additionally, TIGIT is associated with liver 
regeneration[112]. The aforementioned studies indicate that the 
organoid-based NK cell coculture system is a reliable platform. 
The coculture model of tumor organoids and NK cells not only 
allows for the assessment of NK cell cytotoxicity but also serves 
as an in vitro tool for studying the interactions between human 
immune cells and tissue cells.

3.1.1.3 Application of OoC in reconstructing tumor immune 
microenvironment for cell therapy  OoC technology plays a 
significant role in the research and development, optimization, 
and efficacy prediction of cell therapies by reconstituting the TME. 
Zou et al. utilized microfluidic OoC technology to establish a 
MSC-patient-derived organoid-peripheral blood mononuclear cell 
(MSC-PDO-PBMC) model (Figure 7B) to investigate the response 
of hepatocellular carcinoma (HCC) organoids to immunotherapy 
drugs. The study demonstrated that, compared to traditional 
organoid models cultured without an immune microenvironment, 
the MSC-PDO-PBMC model could more accurately predict 
the response of HCC patients to the immunotherapy drug 
atezolizumab. This model exhibits greater potential for precisely 
predicting patient responses to anti-PD-L1 drugs. Additionally, 
this platform significantly reduces the time required for high-
throughput organoid culture and drug screening, particularly 
for predicting the efficacy of immunotherapy drugs such as 
immune checkpoint inhibitors. Ao et al. developed a microfluidic-
based microtumor chip (Figure 7C) that mimics the in vivo 
tumor immune microenvironment, allowing for local cell-to-cell 
interactions and preserving autocrine and paracrine signaling. 
By constructing models of in situ breast cancer and renal cell 
carcinoma with constitutive differences in PD-L1 expression levels, 
they found that tumor cells in both models exhibited responses to 
anti-PD1 therapy 10 days after tumor inoculation[104].

Overall, immune cell therapies have proven effective in treat-
ing hematological malignancies in recent years. However, their 
application in solid tumor treatment remains in the explorato-
ry stage, primarily due to the inadequacy of these therapies in 
addressing the TME. Retaining the biological characteristics of 
primary tumor tissues is crucial for research on immune cell ther-
apies in early stage solid tumors[113]. Therefore, the adoption of 

Figure 7.  Representative models illustrating the roles of immune organoid-on-a-chip models in tumor therapy. (A) Utilizing patient-derived immunocompe-
tent tumor organoids as a model for evaluating multispecific drugs in cancer research[103]. Copyright 2025, The Authors. (B) Establishing a HCC TME on a 
high-throughput microfluidic chip through coculturing organoids derived from HCC specimens with MSCs and PBMCs. (a) Acquisition and coculturing of 
organoids. (b) Design of the microfluidic chip for high-throughput organoid culture and drug screening[28]. Copyright, The Authors. (C) Operating principle of the 
microtumor chip. (a) Design concept of the microtumor chip. (b) Physical appearance of the microtumor chip (featuring 4 parallel injection ports)[104]. Copyright 
2022, The Authors.
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organoid and OoC models addresses the deficiencies in existing 
models, particularly the lack of a tumor immune microenviron-
ment. These advanced models play a significant role in gaining 
a deeper understanding of the interaction mechanisms between 
immune cells and the TME, evaluating the efficacy and safety of 
immune cell therapies, and subsequently developing more precise 
and effective therapeutic drugs for tumor treatment.

3.1.2 The role of tumor organoid-on-a-chip in clinical 
translation

Tumor organoids demonstrate significant advantages in the field 
of personalized therapy and clinical translation. Their core val-
ue lies in constructing “individualized disease models” through 
high-fidelity simulation of patient-specific pathological features 
and heterogeneity, thereby providing a quantifiable and iterable 
research platform for precision medicine.

In personalized therapy, tumor organoids can be directly  
derived from patient tumor or normal tissue biopsy samples, 
preserving the genomic and epigenetic characteristics of the orig-
inal tissue, as well as its drug response properties. This enables 
high-throughput screening and efficacy prediction of individual 
drug sensitivity. For example, Chiriaco et al. utilized patient-derived 
mesenchymal epithelial transition factor (MET)-overexpressing  
tumor organoids to evaluate the targeted killing effect of MET-
CAR-T cells on MET-overexpressing tumors. Clinical data  
indicate that MET overexpression is one of the molecular mech-
anisms underlying resistance to epidermal growth factor receptor 
(EGFR), human epidermal growth factorreceptor 2 (HER-2), and 
v-Raf murine sarcoma viral oncogene homolog B (BRAF) targeted 

therapies in various cancers. The results showed that MET-CAR-T 
cells could prevent the acquisition of resistance to MET-targeted 
agents by MET-amplified cancer cells carrying secondary muta-
tions in downstream signaling pathways. MET-CAR-T cells over-
came secondary resistance to anti-MET drugs, providing a new 
option for screening patient subgroups suitable for MET-targeted 
immunotherapy and offering hope for drug-resistant patients[114]. 
Logun et al. conducted autologous CAR-T cell therapy simultane-
ously on patient-derived and in vitro-derived glioblastoma organ-
oids (GBOs) from the same patient. The results demonstrated that 
CAR-T cell therapy led to a reduction in target antigens and tumor 
cell lysis in GBOs, with the degree correlating with the chimerism 
rate of CAR-T cells detected in the patient’s cerebrospinal fluid 
(CSF). Additionally, the cytokine release patterns in GBOs over time 
were similar to those in the patient’s CSF samples, providing crucial 
information for clinical trials[115]. Maulana et al. developed a breast 
cancer organoid-on-a-chip model with an endothelial barrier, en-
abling real-time monitoring of cytokine release, CAR-T cell infiltra-
tion, and specific tumor cell lysis during an 8-day perfusion culture. 
This allowed for the real-time observation of CAR-T cell migration 
and killing, revealing the dependency of CAR-T cell response on 
target antigen density. Furthermore, compared to mouse models 
(which take months), the ability to directly obtain patient-derived 
organoids and rapidly establish tumor-on-a-chip models from pa-
tients enables this model to assist in clinical decision-making, which 
often needs to be completed within a short timeframe (Figure 8).

In terms of clinical translation, Vlachogiannis et al. established 
PDO models from 71 patients with metastatic gastrointestinal 
cancers and conducted tests using 55 drugs. The drug sensitivity 
tests demonstrated a sensitivity of 100%, a specificity of 93%, a 

Figure 8.  Schematic diagram of the research on a breast cancer chip model integrating an endothelial barrier for investigating the therapeutic efficacy of CAR-T 
cells[115]. Copyright 2025, The Authors.
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positive predictive value of 88%, and a negative predictive val-
ue of 100% in predicting clinical treatment responses[116]. Ooft 
et al. utilized PDOs derived from metastatic lesions to identify 
patients with colorectal cancer (CRC) who would not respond 
to standard chemotherapy regimens. The results showed that 
for patients treated with irinotecan-based regimens, the PDO as-
say successfully predicted the response of biopsy-derived lesions 
in over 80% of cases, without misclassifying any patients who 
would have benefited from the treatment[117].

3.1.3 Applications of organoid-on-a-chip in studying 
cancer molecular mechanisms

In recent years, an increasing number of studies have discov-
ered that certain tumor tissues exhibit resistance to immune 
checkpoints. Despite the promising therapeutic effects of im-
munotherapy, both intrinsic and acquired resistance have posed 
challenges[100]. The groundbreaking advancements in organoid 
technology have opened up new dimensions in cancer research: 
tumor organoids not only preserve the genetic heterogeneity 
and phenotypic diversity of the original tumors but also pre-
cisely reconstruct the dynamic interaction networks between tu-
mors and their microenvironments. This provides a high-fidelity 
research platform for elucidating the mechanisms underlying 
tumor evolution, metastasis, and drug resistance.

Cuenca-Escalona et al. utilized a patient-derived CRC or-
ganoid model for 3D coculture with human monocyte-de-
rived myeloid-derived suppressor cells (M-MDSCs). It is 
clinically known that tumor-derived prostaglandin E2 (PGE2) me-
diates the differentiation of MDSCs and confers them with tumor- 
promoting properties. The experimental results demonstrat-
ed that tumor-derived PGE2 signals through EP2 and EP4  
receptors, and EP2/4 signaling contributes to the induction of a tu-
mor-promoting phenotype and function in M-MDSCs. This sup-
ports the therapeutic value of targeting the PGE2-EP2/4 axis to al-
leviate the immunosuppressive effects of M-MDSCs and promote 
the development of antitumor immunity[118]. Choi et al. employed 
a LCO model containing blood vessels. Their study revealed that 
fibroblasts in fibrotic LCOs promoted cell proliferation and the ex-
pression of drug resistance-related genes. Fibrotic LCOs exhibited 
significantly greater changes in resistance to sensitizing targeted an-
ticancer drugs. The expression of JAK2, FGFR1, and IL-6R genes, 
which are closely associated with the activation of pathways related 
to cancer cell proliferation, invasion, metastasis, and drug resistance, 
was generally enhanced in fibrotic LCOs[119]. Herpers et al. conduct-
ed high-throughput, large-scale screening on patient-derived organ-
oid samples and identified a bispecific antibody, MCLA-158, which 
can specifically trigger the degradation of the epidermal growth 
factor receptor in leucine-rich repeat-containing G protein-coupled 
receptor 5-positive (LGR5+) cancer stem cells while exhibiting min-
imal toxicity to healthy LGR5+ colon stem cells[120].

3.2 Immuno-organoid-on-a-chip for drug evaluation and 
toxicity assessment

3.2.1 Drug evaluation

The immune microenvironment of tumor organoids can be de-
rived not only from immune therapy cells but also from endog-
enous immune cells or externally added immune cells, thereby 
constructing a more physiologically relevant immune microen-
vironment that enables a more accurate evaluation of drug ef-
fects, especially for drugs that are difficult to assess using animal 

models. For instance, Crespo et al. proposed evaluating candi-
date drug combinations for oncolytic virus immunotherapy. 
Due to the limitations of animal models, their study relied on an  
organoid-based and immune cell cocultured explant patient- 
derived model system[121]. Zhu et al. utilized GBOs to demon-
strate that the Zika virus can selectively replicate in glioblastoma  
stem cells (GSCs) but not in differentiated glioblastoma cells, 
leading to GSCs death and a subsequent loss of self-renewal  
and proliferative capacity. This model provides a platform clos-
er to the human environment for assessing the efficacy of com-
bining oncolytic viruses with immunotherapy, thus aiding in 
more accurate predictions of the clinical efficacy of combination 
therapies[122]. Teijeira et al. employed a tumor organoid system 
cocultured with T cells and autologous fibroblasts to test the 
costimulatory effects of a FAP-targeted 4-1BBL bispecific anti-
body fusion protein currently in clinical trials. This system not 
only releases IFN-γ but also achieves more effective tumor cell 
killing. It serves as a suitable model for testing the requirements 
for redirected killing of colon cancer induced by carcinoembry-
onicantigen (CEA)-targeted T cell-engaging antibodies under-
going clinical trials and allows for the testing of combination 
treatment regimens in relevant preclinical systems[123]. Ding et 
al. constructed microtumor organoid spheres (MOS) capable of 
capturing original stromal cells and permitting T cell infiltration. 
They demonstrated that immunotherapies such as PD-1 blockade 
and bispecific antibodies can activate TILs to attack tumor cells 
within MOS[124]. Zhao et al. utilized an ovarian cancer organoid 
system derived from high-grade serous subtype patient samples 
of ovarian cancer. These organoids recapitulated the histological 
and molecular heterogeneity of ovarian cancer while preserving 
key immune microenvironment components (including T cells, 
monocytes, macrophages, and B cells) and blood vessels. They 
showed potential in testing cisplatin sensitivity in patients resis-
tant to carboplatin and paclitaxel, exhibiting significant responses 
in cancer proteoglycan and p53 (TP53) signaling pathways, as 
well as to PARP inhibitors, indicating the model’s potential in 
drug sensitivity testing for various types of drugs[125]. Maurer et 
al. constructed an intestinal model featuring tissue-resident innate 
immune cells with characteristics of mucosal macrophages and 
dendritic cells. They further demonstrated that precolonizing the 
model’s intestine with Lactobacillus rhamnosus can reduce tissue 
damage caused by Candida albicans, decrease its translocation, 
limit fungal burden, and effectively create a more physiological 
and immunocompetent microenvironment[126]. Zumwalde et al. 
utilized mammary ductal organoids and in vitro expanded T cells 
for coculture. Their study found that T cells can produce the anti-
tumor cytokine IFN-γ and effectively kill bisphosphonate-treated 
breast cancer cells, inhibiting breast cancer growth. Using an in 
vitro tumor organoid model, they fully demonstrated the ability 
of these T cells to respond to bisphosphonate drugs approved by 
the US Food and Drug Administration, serving as a novel immu-
notherapeutic approach to inhibit breast cancer growth[127].

3.2.2 Toxicity assessment

Immuno-organoid-on-a-chip systems play a crucial role in pre-
dicting immunotoxicity. By accurately simulating the human 
immune microenvironment, these chips can integrate the interac-
tions between various immune cells and target tissues, dynamical-
ly presenting the complex effects of drugs on the immune system. 
For example, Deng et al. constructed a hepatic immune MPS that 
effectively demonstrated the liver injury induced by TGZ, a drug 
withdrawn from the market due to hepatotoxicity. Their study 
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revealed that in this model, the presence of TGZ enhanced the 
interactions between macrophages and neutrophils. At clinical-
ly relevant blood concentrations, TGZ could induce hepatocyte 
damage, a phenomenon not observed in other in vitro experi-
ments[72]. Although immuno-organoids hold significant promise 
in drug toxicity assessment, research on toxicity and efficacy eval-
uation involving immune-engaged organoids is currently limited 
due to technical bottlenecks, such as the difficulty in integrating 
immune cells. However, as multicellular coculture technologies 
and microenvironment modulation strategies mature, these cur-
rent technical limitations are expected to be overcome, enabling 
immuno-organoid-on-a-chip systems to play a pivotal role in 
more accurately predicting drug toxicity in the future.

4. Future perspectives
The rapidly evolving field of immune organoid-on-a-chip technol-
ogy now stands at a critical inflection point. To transcend current 
limitations and achieve truly predictive human immunological 
models, future efforts must prioritize 4 interconnected frontiers:

4.1 Scalable and personalized immune cell sourcing

The scarcity and functional heterogeneity of autologous im-
mune cells constitute a fundamental bottleneck in building 
personalized disease models, directly limiting accurate predic-
tion of tumor immunotherapy responses. The lack of scalable 
immune cell sources reduces efficiency in patient-specific drug 
screening, impeding the implementation of precision medicine 
in solid tumors.

4.2 Multiorgan chips for systemic toxicity profiling of 
cellular therapeutics

Existing single-organ models fail to capture interorgan toxicity 
cascades of cellular drugs (e.g., CAR-T), resulting in undetected 
lethal side effects (e.g., cytokine release syndrome, PDACCRS) 
during preclinical studies. This disconnect significantly increases 
clinical trial failure risks and patient safety threats.

4.3 Bionic dual-vasculature chips for integrated immune 
microenvironments

While the lymphatic system mediates the majority of antigen 
presentation and immune cell activation in vivo, current chips 
only simulate intravascular immune microenvironments, caus-
ing distortion of critical physiological processes like immune 
cell trafficking and tolerance induction. Neglecting lymph- 
vascular synergy compromises physiological relevance in in-
flammation and cancer microenvironment research.

4.4 AI-driven closed-loop optimization of immune chips

The nonlinear interactions among dynamic variables within im-
mune microenvironments exceed the capabilities of manual ex-
perimental design, leading to inefficient parameter optimization. 
Artificial intelligence (AI)-powered decision systems would not 
only enhance data utilization efficiency in immune organoid-on-
a-chip platforms but also enable more comprehensive and effi-
cient evaluation of immunologically relevant pharmacodynamic 
effects of therapeutics.
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