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ABSTRACT

Cancer thrives in a complex environment where interactions between cellular and acellular components, sur-
rounding the tumor, play a crucial role in disease development and progression. Despite significant progress in
cancer research, the mechanism driving tumor growth and therapeutic outcomes remains elusive. Two-
dimensional (2D) cell culture assays and in vivo animal models are commonly used in cancer research and
therapeutic testing. However, these models suffer from numerous shortcomings including lack of key features of
the tumor microenvironment (TME) & cellular composition, cost, and ethical clearance. To that end, there is an
increased interest in incorporating and elucidating the influence of TME on cancer progression. Advancements in
3D-engineered ex vivo models, leveraging biomaterials and microengineering technologies, have provided an
unprecedented ability to reconstruct native-like bioengineered cancer models to study the heterotypic in-
teractions of TME with a spatiotemporal organization. These bioengineered cancer models have shown excellent
capabilities to bridge the gap between oversimplified 2D systems and animal models. In this review article, we
primarily provide an overview of the immune and stromal cellular components of the TME and then discuss the
latest state-of-the-art 3D-engineered ex vivo platforms aiming to recapitulate the complex TME features. The
engineered TME model, discussed herein, are categorized into three main sections according to the cellular
interactions within TME: (i) Tumor-Stromal interactions, (ii) Tumor-Immune interactions, and (iii) Complex TME
interactions. Finally, we will conclude the article with a perspective on how these models can be instrumental for
cancer translational studies and therapeutic testing.

1. Introduction

intricate TME has revolutionized how cancer treatments are centered.
Consequently, in the past few years there have been an increased
emphasis on incorporation of TME components in a holistic view to
better comprehend their impact on cancer biology and response to

The ‘tumor microenvironment’ (TME) is a dynamic ecosystem
encompassing cellular and acellular components [1,2]. Cellular com-
ponents of TME are a heterogeneous population of cancerous and
non-cancerous cells. Non-cancerous cells are an umbrella term utilized
for the immune (i.e., macrophages, T cells, B cells, dendritic cells) and
stromal cells (i.e., cancer-associated fibroblasts (CAFs), endothelial
cells, adipocytes) [3]. The acellular compartment of the TME comprises
an extracellular matrix (ECM), growth factor, and cytokines [4].
Multifaceted interactions between cancer, immune, and stromal cells
alongside the tissue ECM and cytokines have been shown to be a strong
determinant of tumorigenesis [5]. Evolving knowledge about the

therapy [6] (see Table 1).

To date, various models have been proposed to better understand the
cellular and molecular processes that drive tumor development, pro-
gression, and therapeutic outcomes. A wealth of information has been
obtained from in vivo animal models and standard two-dimensional (2D)
cell culture assays [7,8]. While animal models are considered gold
standard for oncological studies, their TME composition markedly vary
from that of humans [9]. Moreover, animal models are both
time-consuming and require financial investments, not to mention the
ethical concerns [10]. Conversely, traditional 2D cell culture assays
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Abbreviations CCL C-C motif Chemokine Ligand
NK cells Natural Killer Cells
TME Tumor Microenvironment ®-SMA  Alpha-Smooth Muscle Actin
CAF Cancer-Associated Fibroblasts EC Endothelial Cell
ECM Extra Cellular Matrix bASCS  Breast Adipose-Derived Mesenchymal Stromal/Stem Cells
2D Two-Dimensional MCTS Multi Cellular Tumor Spheroids
3D Three-Dimensional PDO Patient-Derived Organoids
DC Dendritic Cells HUVECs Human Umbilical Vein Endothelial Cells
TAM Tumor-Associated Macrophages GBM Glioblastoma Multiforme
APC Antigen Presenting Cells GSC Glioma Stem Cells
PD1 Programmed Death 1 CAR-T  Chimeric Antigen Receptor T Cells
CTLA4 Cytotoxic T Lymphocyte Antigen 4

have been unable to replicate the critical aspects of the TME, including
interactions between tumors and the ECM, as well as the 3D complex
tissue organization [11]. Intriguingly, the decline in clinical effective-
ness of oncological drugs can be attributed to the lack of pre-clinical
tools, representing a critical bottleneck in accurately assessing the effi-
cacy of drugs [12,13]. Recognizing these profound limitations, the holy
grail in accurate modeling of the TME is establishing platforms that can
faithfully recapitulate the critical features of the TME ex vivo. Such
platforms would better mimic TME features, facilitating the direct
translation of discoveries into therapeutic strategies for human
applications.

In line with this momentum, engineered 3D ex vivo tissue models,
developed in the past few years, have generated a notable thrust for
accurate human disease modeling, such as cancer [14-17]. Significant
progress in tissue engineering, microfabrication techniques, and cellular
biology has led to the development of organotypic TME models with a
higher degree of complexity for mechanistic biological studies and
therapeutic testing [18-21]. Advanced model systems have also made it
possible to recreate essential cellular components aspects of TME in vivo,
along with native-like mechanical cues (i.e., matrix stiffness, shear
stress), to maintain the cells and the engineered tissue in a physiologi-
cally relevant microenvironment [22-26]. Additionally, 3D-engineered
models that incorporate TME features can advance effective therapeutic
outcomes more accurately [27].

A Plethora of 3D models have been thus far developed to mimic and
parse out the influence of TME. One such model is the 3D tumor
spheroids, which are microsized cell aggregates that exhibit tumor-like
properties such as oxygen gradient, quiescent intermediate region, and
limited molecular transport. Given their in vivo tumor features, spher-
oids are routinely used for drug screening studies [28]. To understand
the inherent tumor heterogeneity and pathophysiology, organoid
models are the most suitable platform. Scaffold-based tumor models
have been also developed to achieve more biomimetic properties of
native tissues. These scaffolds, made from synthetic and/or natural
biomaterials, provide the cultured cells with a physiologically relevant
environment. Furthermore, scaffolds are often integrated with other
models such as spheroids and organoids to create complex models with
physico-chemical properties similar to those of the native ECM [29].
Microfluidics and 3D printing models are compelling platforms for
investigating cellular crosstalk, due to their ability to control spatial
confinement and replicate organ-level functions. These engineered
platforms are advanced systems for modeling tumors in vitro.

This review article provides a comprehensive overview of the latest
advancements in the development of 3D ex vivo models for cancer
research and the utilization of these model systems for foundational
biological studies and therapeutic testing. We will delve into the crucial
role of the heterogeneous TME cellular compartment in cancer pro-
gression and provide a detailed account of the 3D models that have
significantly expedited cancer studies. Recognizing the importance of
comprehending the interaction between cancer cells and their

surrounding environment, we will review the inclusion of various stro-
mal cells, immune cells, and a combination of both cell types (complex)
in engineered tumor models. We will focus specifically on four engi-
neered models: spheroids, organoids, microfluidics, and 3D printing
models, to cover a wide range of in vitro models, including more so-
phisticated model systems. Finally, we discuss some strategies for
further development and translation of these platforms from the bench
side to clinical testing.

2. Cellular composition of TME

There has been a long-standing history linking the association be-
tween cancer and the cellular composition of the TME [30,31]. TME
harbors diverse cells that exert both tumor-promoting and
tumor-suppressing effects on cancer progression (Fig. 1). The dual na-
ture of TME, with respect to its cell composition, has significantly
changed the paradigm in cancer research [32,33]. Thus, there is an
ever-growing focus on understanding the composition and function of
TME in cancer biology and progression. This ensuing section will sum-
marize critical stromal and immune cell functions and their role in
tumorigenesis.

2.1. Immune constituents of TME

The immune system is generally classified into innate and adaptive
immunity. Innate immunity, also referred to as ‘non-specific immunity’
constitutes an antigen-independent defense mechanism. Its main pur-
pose is the immediate prevention of the spread of foreign pathogens
when encountered. This is achieved by the rapid recruitment of immune
cells to the site of inflammation through chemokine and cytokine
secretion. Key cellular players in innate immunity include macrophages,
dendritic cells, and neutrophils [28]. When innate immunity is not
effective in eliminating the pathogens, its actions aid in the development
of a long-lasting adaptive immune response after sustained exposure to
antigens. The adaptive immune cells — T cells and B cells get activated
into matured effector T cells and antibody-producing B cells and can
develop a memory of past infections to enhance the immune response.

A common paradox in cancer biology is that despite the presence of
numerous cancer antigens, the body fails to create immune-mediated
destruction. This failure in immune system functionality has led to
more in-depth studies into TME to gain insights into the mechanism of
tumor resistance [34]. The following section discusses the immune
components of TME and provides a few brief examples of
cancer-immune cell crosstalk.

2.1.1. Macrophages

Macrophages are mononuclear phagocytic cells that are considered
the primary immune infiltrate of the TME. Macrophages in the TME are
termed ‘tumor-associated macrophages’ (TAMs) and account for up to
50 % of most solid tumors. TAMs are highly plastic cells and respond to



Table 1
Summary of list of 3D microengineered models that recapitulated the heterogenous TME features.
Study Model Fabrication Cancer type Media Composition Assays and readouts Key outcome Reference
Technique

Tumor- Spheroid 384-well round Breast Cancer Spheroid Medium: Phenol red free Dulbecco’s Tumor spheroid invasion in a Influence of stromal and ECM composition on [108]
Stromal bottom plates. modified Eagle’s Medium + 1 % Fetal Bovine Serum  complex hydrogel. tumor invasion. Matrix embedded spheroid
Interactions 200-300 pm + 0.1 nM estrogen + Penicillin-Streptomycin + - Porosity of hydrogel model showed fibroblast-led invasion of cancer

spheroids. pyruvate - Influence of CAFs on breast  cells within a 3D matrix. Involvement of CXCL12-
cancer invasion CXCR4 signaling on cancer progression
- CXCL12-CXCR4 mediated
migration
Organoid Hanging drop Lung Cancer StemPro human embryonic stem cell serum-free Influence of CAFs on tumor Assessment of lung organoid proliferation in [150]
method. medium formation the presence of podoplanin CAFs. Growth
- Patient derived organoid promoting effect was pronounced in co-culture
- Growth rate of tumor cells organoids.
in the presence of CAFs
Microfluidics ~ Rod-based PDMS Breast Cancer Not available In vitro 3D TME migration Role of CAFs and ECM components. Fibronectin ~ [200]
model model. rich matrix showed increased migration of cancer
cells in the presence of normal fibroblast with
- ECM influence on MMP higher MMP secretion.
production
- Migration potential of
cancer cells in the presence
of CAFs and fibroblast.
Microfluidics ~ Organotypic Breast Cancer 70:30 ratio of Endothelial Growth Medium -2 bullet 3D intravasation model Tumor-Vascular crosstalk in metastatic [195]
vascularized tumor- kit +50 ng/mL VEGF and cancer cell media - Intravasation of cancer cells  cascade. Presence of vasculature increased the
on chip model (DMEM -+Fetal Bovine Serum-+ L- through vasculature invading potential of cancer cells. In turn
(PDMS) glutamine+Penicillin Streptomycin) - Cytokines signals involved disrupted the vascular network leading to
in tumor-stromal crosstalk formation of thinner and more permeable vessels.
3D Printing Extrusion based 3D Breast Cancer Dulbecco’s modified Eagle’s medium Complete Breast TME model Tumor-Adipocyte interaction in breast cancer. [245]
printer Media+10 % Fetal Bovine Serum and 1 % Penicillin- - Low-cost setup for printing. Proof of concept to demonstrate the use of custom-
Streptomycin) - Basic viability screening. built printers for mimicking breast TME.
3D Printing Acoustic based 3D Colorectal Cancer Not available Cancer invasion dynamics Invasion model for colorectal microtissue- CAF  [247]
printer - Time lapse imaging based interaction.
migratory studies. Observed outward migratory potential of tumor
- Drug screening model. cells towards CAFs.

Tumor- Spheroid Embedded spheroid Breast Cancer and Rosewell Park Memorial Institute /Dulbecco’s Macrophage polarization Phenotype of macrophages in spheroid co- [118]
Immune model Pediatric modified Eagle’s Medium +10 % Fetal Calf Serum+1 model culture. Hydrogel embedded spheroid influenced
Interactions Osteosarcoma % Penicillin-Strepotomycin - Protein secretion the polarization of macrophages confirming the

quantification. synergistic combination between tumor and ECM
- Drug response screening. cues.
Organoid Matrix embedded CRC, Non-small- Dulbecco’s modified Eagle’s Medium /F12+2 mM Invitro T cell sensitivity Tumor reactive T-cell response to cancer [156]
method cell lung cancer ultra glutamine 1+10 mM HEPES -+ Penicillin- assessment organoids.
Streptomycin+10 % Noggin conditioned medium+1x Delineating interaction and mechanism of T cells
B27 without vitamin A+50 ng/mL human EGF - Inducing T cell reactivity. in epithelial organoids.
- Specificity and killing
ability of T cells.
Microfluidics ~ Parallel channel Pancreatic Cancer Iscove’s modified Dulbecco’s Media supplemented 3D macrophage migration Evaluating Physical and Chemical cues in the [206]
PDMS model with 5 % human serum and 1 % Penicillin- system TME.
Streptomycin - Macrophage sensitivity Macrophage migration remained elevated when
- Cytokine expression exposed to a saturating concentration of
recombinant IL-8 or CCL2.
Microfluidics ~ Parallel channel Hepatocellular R10 medium supplemented with DRAQ7 containing 3D T cell preclinical model Testing the functionality of engineered T cell. [212]
PDMS model carcinoma AIM-V 2 % human AB serum plus rIL-2 with/without - T cells chemotaxis 3D model shows the effect of oxygen level and

addition of IFN-y and TNF-«

migration.
- Antitumor response of T
cells

environmental factor on T-cell function

(continued on next page)
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Table 1 (continued)

Study Model Fabrication Cancer type Media Composition Assays and readouts Key outcome Reference
Technique
3D Printing Extrusion based 3D Glioblastoma 1:1 of Roswell Paark Memorial Institute +Dulbeccos 3D brain model for tumor Mini Brain to study glioblastoma- macrophage  [249]
printer Modified Eagle Medium-+10%Fetal Bovine biology studies interaction
Serum-+1% Penicillin-Streptomycin - Paracrine and juxtracrine Co-culturing of macrophages with glioma cells
signaling assays. increases the invasive potential of glioma cells.
- Transcriptomic profiling
Complex TME  Spheroid Parallel channel Hepatocellular Endothelial Growth Medium-2 +1 % antibiotic- Perfusion model for drug Vascularized tumor spheroid model for [130]
Interactions PDMS model carcinoma antimycotic delivery enhanced drug delivery. Tri-culture of
- Secretome analysis. multicellular spheroid with perfusable vasculature
- Drug uptake through showed increased uptake of drug.
vascular dynamic
evaluation.
Spheroid Droplet based Breast Cancer Iscoves Modified Dulbeccos Medium+10 % Fetal Dynamic tumor-stromal High throughput breast TME model. [127]
microfluidic spheroid Bovine Serum+1 % antibiotic-antimycotic+10 pg/mL  interaction Upregulation of protein involved in cellular
formation human recombinant insulin, 0.5 mM 2- - Bioinspired ECM scaffold. interaction and immunomodulation.
mercaptoethanol+0.1 mM hypoxanthine+0.016 mM - Immunomodulation of
thymidine macrophages
- Oxidative stress and
apoptosis
Organoid Air-liquid and Melanoma 40 % Advanced Dulbecco’s modified Eagle’s Organoids for Patient derived organoid model for [161]
Matrigel® on top Medium/F12 medium+ 50 % Wnt3a + RSPO1+ immunotherapy screening lymphocyte cytotoxicity.
method Noggin-conditioned media+ 10 % inactivated fetal - Verification of parental Patient derived organoid preserved intra-and
calf serum+ 1 mM HEPES+1 x Glutamax +10 mM tumor feature inter-tumor heterogeneity. CD8" T cells exposed
Nicotinamide + 1 mM N-Acetylcysteine + 1 x B27 - Immunotherapeutic to anti-PD1 exhibited more cytotoxicity.
without vitamin A +0.5 pM A83-01 + 1 x Penicillin- screening.
Streptomycin + Glutamine + 10 nM Gastrin +10 pM - Cytotoxicity assessment.
SB-202190 + 50 ng/mL EGF+ 50 ng/mL FGF-1
Microfluidics ~ Additive Breast Cancer 50 % endothelial media and 50 % monocyte media Immune cell infiltration study ~ Evaluating the role of hypoxia as well as [218]
photopatterning - T cell infiltration into cellular interactions in immune cell
hydrogel. recruitment. Spheroid models had more
- Phenotypic changes of recruitment of T cells with increased expression of
immune cells CCL4, CCL5, and CCL11
Microfluidics Parallel channel Pancreatic Cancer Endothelial Growth Medium-2 Immune cell migration Infiltration of T cells. Quantitative assessment of [222]
PDMS model dynamics T cell infiltration in the presence of other TME
- Migratory behavior of T cellular component showed T cell trafficking by
cells in the presence of ECs.
various cells of TME.
- Cytokine expression of
activation state of T cells
3D Printing 3D Bioplotter system Glioblastoma Mixed medium (1:1 ratio) of Dulbecco’s modified Heterogenic glioma TME Sophisticated Glioblastoma Model [254]

Eagle’s Medium and astrocytes medium.

- Biomechanical evaluation
of bioink

- Transcriptomic comparison
between 2D and 3D model.

Proof of concept assessess the printing method to
incorporate penta—culture of different cell types.
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Fig. 1. Schematic representation of TME components and their role in cancer progression. Dynamic TME constantly evolves as the malignant cells undergo
successive cellular events. During the initial stages of cancer development cellular components of TME such as fibroblasts, M1 macrophages, NK cells and DCs aims at
eliminating the neoplastic cells through various mechanism. As cancer progress, tumor cells hijack the microenvironmental components to favor its growth. During
this phase of cancer progression, there is a multifaceted crosstalk between tumor-stromal-immune components as well as between stromal-immune components.
Fibroblasts within the TME are actively involved in ECM remodeling as well as produces cytokines such as IL-6 and CSF to macrophages to differentiate them into
TAMs (M2 macrophage). Though initially TME components looked like just a bystander, they play a pivotal role in cancer progression starting from development, all
the way through metastasis to a distant site. Thus, it is a natural interest to mechanistically delineate the complex cellular interactions of TME. Created with BioR

ender.com.

microenvironmental cues such as cytokine factors and nutrient con-
straints. Based on their activated phenotype, TAMs are classified as (i)
M1-classically activated macrophages and (ii) M2-alternatively acti-
vated macrophages [35]. M1 macrophages release proinflammatory
cytokines such as IL-6, IL-12, and TNF-a and play a vital role in
anti-tumor functionality. On the other hand, M2 phenotypes are pro-
tumorigenic and are characterized by anti-inflammatory cytokines such
as IL-10 and TGF-p [36]. Alongside these factors, the other key regulator
of TAMs fate is dictated by its distribution within the TME. Specifically,
macrophages located in the tumor core that are hypoxic in nature are
highly immunosuppressive (i.e., M2) and are known to produce angio-
genic factors. TAMs are known to be involved in cancer progression,
exhibiting an M1 phenotype during the initial stages and an M2
phenotype during the later stages of cancer [37]. Furthermore, various
studies have highlighted the tumor-promoting effects of chemokines and
cytokines derived from TAMs. For instance, prolonged exposure to
TNF-a a well-known pro-inflammatory cytokine is shown to increase

cancer stem cells in the oral squamous cell carcinoma [38]. Likewise,
TAM-derived IL-6 is involved in cancer cell proliferation and plays a key
role in inhibiting apoptosis through the activation of the JAK/STAT
pathway [39]. Thus, unresolved chronic inflammation leads to an
imbalance in pro-inflammatory cytokines and favors the development of
tumors. Furthermore, TAM-related cytokines such as transforming
growth factor-beta (TGF-p) and IL-10 can alter the recognition of
antigen-presenting cells (APCs), thereby facilitating immune evasion
and fostering a metastatic milieu [40].

2.1.2. Dendritic cells

Dendritic cells (DCs) are one of the major APCs that are actively
involved in the immunosurveillance [41]. Like other immune cell types,
DCs are further divided into conventional DCs (cDCs), plasmacytoid DCs
(pDCs), and monocyte-derived DCs (moDCs) [42]. c¢DCs play a critical
role in tumor elimination by cross-presenting tumor antigens and
through elevated cytokine production [43]. Growing bodies of research
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have highlighted the significance of DCs cytokines such as IL-12 and
INF-y in priming T cell-mediated anti-tumor effects [44,45]. Though DCs
are known to inherently possess anti-tumor properties, cancer cells
within TME can create an environment supportive of its growth. DCs are
no exception to this, and mounting evidence has confirmed the impaired
functional state of DCs within the TME. For instance, expression of
chemokines such as C-C motif chemokine ligand (CCL) - CCL19 and
CCL21 impairs the migration and excludes DCs from the tumor [46].
Additionally, environmental factors like hypoxia and nitric oxide pro-
duction are crucial factors underlying the deficiencies of DCs in TME
[471.

2.1.3. T cells

T-lymphocytes (T cells) belonging to adaptive immunity are potent
anti-cancer effector cells. T cells within the tissue microenvironment are
classified as naive, memory (cD8™M), helper (CD4™"), and regulatory
(Treg) lymphocytes [48]. Effective priming of T cells regulated by the
APCs is crucial for the cytotoxic trafficking of the tumor [49]. Pro-
grammed Death-1 (PD-1) and Cytotoxic T-Lymphocyte Antigen-4 are the
two well-known T cell checkpoint receptors that regulate and fine-tune
their immune response [50]. CD4" T cells orchestrate anti-tumor
response by producing cytokines and chemokines with
pro-inflammatory properties, whilst CD8™ cells exert a cytotoxic reac-
tion that directly kills neoplastic cells [51]. Though lymphocytes keep
cancer under check, evolving tumors subvert the anti-tumor immunity,
facilitating immune evasion and destruction. For instance, tumor cells
actively evade immune destruction by upregulating T cell checkpoint
molecules, thus limiting the T cell’s anti-tumor response [52]. At the
same time, T lymphocytes are rendered impotent by the TME through
prolonged weak antigen stimulation, thus enabling immune escape [53].
Tregs, on the other hand, exhibit a distinct cytokine profile from that of
CD4" and CD8™ T cells with immunosuppressive function [54]. Their
notable mechanism of action involves the secretion of inhibitory cyto-
kines, including IL-10 and TGF-p [55]. They impede effective T cell
priming and inhibit the activity of cytotoxic T cells, thus fostering an
environment conducive to immune evasion and tumor progression.

2.1.4. Bcells

B cells, the second population of adaptive immune components
within the TME, have recently been appreciated for their role in anti-
tumor immunity. Principally, B cells serve as APCs that promotes T-
cell mediated anti-tumor response [56]. In the tumor milieu, B cells
perform a plethora of roles mediating both pro- and anti-tumor effects
[57]. B cells within specialized structures called tertiary-lymphoid
structures [Glossary] are known to orchestrate CD8" cytotoxicity
through the secretion of IL-12 and INF-y [58]. A subtype of B cells called
regulatory B cells (Bregs), primarily contributes to the pro-tumorigenic
effects. In specific, Bregs downregulate T-cell-specific immune re-
sponses through the secretion of IL-10 and TGF-p [59,60]. Moreover,
they create an immunosuppressive environment through the
PD-1/PDL-1 axis [61].

2.1.5. Natural Killer cells

Natural Killer (NK) cells are innate lymphoid cells that actively
eliminate tumor cells. These cells function by activating signals origi-
nating from NK-inhibitory receptors and NK-activating receptors [62].
NK cells maintain equilibrium within the TME by eliminating tumor
cells through direct contact or through cytokine secretion [63]. NK cells
are classified as INF-y [CD56™8"CD16°"] and cytotoxic NK
[CD56"°"CD16M8"] cells based on surface marker expression of CD56
and CD16. However, environmental factors such as TGF-p produced by
tumor cells and cellular metabolism within the TME can impair NK cell
functions [64,65].

Biomaterials 305 (2024) 122428

2.2. Stromal constituents of TME

Besides immune cells, stroma comprises other support cells such as
fibroblasts, adipocytes, and endothelial cells that assist in tumor pro-
gression. It has been well established and accepted that cancer cells exist
and co-evolve with the surrounding stromal components, creating an
environment permissive to their growth and survival [5]. This section
highlights some of the standard stromal cells (non-immune) within the
TME and their role in tumor immunity.

2.2.1. Cancer-associated fibroblasts

Fibroblasts in the tumor milieu are termed CAFs. CAFs are the key
stromal component which have been shown in numerous studies to play
a pivotal role in tumor growth, progression, and immune evasion [66].
CAFs are a highly heterogeneous population suggesting their functional
diversity. Recent research identified three subtypes of CAFs, namely
myofibroblast CAFs, inflammatory CAFs, and antigen-presenting CAFs
[67]. Though most of the CAFs have tumor-promoting effects, some
populations of CAFs, namely restraining CAFs (rCAFs), exhibit a
tumor-restraining effect [68]. However, an increasing number of
research reported the role of CAFs in sculpting an immunosuppressive
microenvironment favorable for tumor growth [69]. For example, CAFs
expressing CXCL12 cytokine inhibit the migration of CD8" T cells in the
pancreatic ductal adenocarcinoma [70].

2.2.2. Adipocytes

Cancer-Associated Adipocytes are vital TME contributors in angio-
genesis, apoptotic resistance, and metastasis [71]. Cancer-Associated
Adipocytes are regarded as lipid-enriched cells that act as a source of
energy to cancer cells, thereby promoting cancer growth. These cells in
TME, through direct cell-to-cell contact or by releasing signaling mole-
cules such as adipokines and hormones, promote cancer invasion and
immune resistance within the TME [71]. Adipocytes are recruited to the
microenvironment via chemotactic factors such as TNF-a and IL-6 that
are commonly secreted by the tumor cells. Additionally, other stromal
cells within TME like CAFs also recruit adipocytes through the secretion
of FGG-2 and TGF-p.

2.2.3. Endothelial cells and pericytes

Endothelial cells (ECs) within tumor microvasculature are pheno-
typically, genetically, and functionally distinct EC populations [72].
Growing bodies of experimental studies through single-cell RNA
sequencing (sc-RNAseq) have identified dynamic gene landscape spe-
cific to tumor ECs [73,74]. Cancer cells express various soluble and
angiogenic chemokines such as vascular endothelial growth factor, basic
fibroblast growth factor, and angiopoietin to initiate angiogenesis. The
overall process results in immature and aberrant vessel formation with
abnormal pericyte coverage [75]. Pericytes are mural-supportive cells
that play a crucial role in blood vessel stabilization and maturation [76].
Preceding findings have suggested the dysregulated role of tumor
EC-pericyte communication on disorganized blood vessel formation
[77]. These processes eventually lead to the inhibition of chemo-
attractant expression by ECs and prepare the environment favorable for
cancer metastasis. Intriguingly, additional roles of pericytes associated
with modulating an immunosuppressive TME are reported [78,79]. For
instance, blunt-ended vessels provide an inconsistent blood flow to the
tumor cells and limit the supply of nutrients to the cells since the
functional vessel is far off from the cells in demand. These processes lead
to hypoxic and acidic TME that mediates immunosuppressive immune
cell infiltration and favors creating an immunosuppressive TME. For
example, hypoxic-induced factors recruit TAMs and stimulate them into
M2 phenotype [80]. Additionally, during tumor angiogenesis, impaired
interactions between ECs and pericytes leads to dysfunctional tumor
vasculature and eventually leads to evasion of the immune surveillance
[771.

As discussed above, cancer development involves complex
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interactions between various cell types, organs, and organ systems.
Therefore, it is essential to incorporate different cell types into in vitro
models to gain a better understanding of the mechanism that governs
cancer progression. By increasing the cellular complexity of such
models, we can develop more physiologically accurate representations
of cancer. As we further our understanding of the intricate cellular in-
teractions within the TME, we will be able to identify new strategies for
targeting cancer cells, which are constantly evolving and multiplying.

3. Engineered models of complex stromal-immune interactions
within the TME

As of 2023, only 3.5 % of oncology drug candidates have progressed
to clinical trials, creating a bottleneck in precision medicine develop-
ment [81]. To develop more reliable therapeutic regimens, compre-
hensive testing platforms must incorporate TME elements such as
cellular heterogeneity, cell-cell, cell-lECM interactions, and spatial ar-
chitecture. Dichotomy cellular interactions within TME can exert
pro-tumoral/anti-tumoral environment for tumor growth [82]. There-
fore, it is crucial to mimic this crosstalk in in vitro models to better
comprehend cancer mechanisms right from tumor initiation, prolifera-
tion, and metastasis to better understand the tumor biology and aid in
development of effective drug candidates that can prevent the relapse of
cancer [83]. In that line, 3D-engineered ex vivo models are an
ever-growing field for both mechanistic studies as well as for predicting
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patient response [84,85]. As outlined in Fig. 2, technological advance-
ments have led to the development of various sophisticated 3D cancer
models with increasing biological complexity. However, the complexity
of in vivo models as whole cannot be recapitulated but the existing
3D-engineered models, such as multicellular spheroids, tumor organo-
ids, 3D scaffold-based models, and microfluidics aim to mimic a ‘mini-
mally functional unit’ while capturing the essential components for
studying various aspects of tumor progression [86,87]. In the ensuing
section, we discuss in detail four engineered models (spheroids, orga-
noids, microfluidics, and 3D printed models) owing to their ability to
represent in vivo TME.

3.1. Spheroid models

Remarkable advancement in 3D culture techniques has led to the
development of models that faithfully recapitulate various processes of
tumor growth. In that line, spheroid models have been one of the most
versatile and commonly used 3D models for oncological studies.
Spheroids are 3D cellular aggregates that capture several key features of
a solid tumor, such as the gradient of nutrient diffusion, oxygenation,
necrotic core, and cell-cell communications [88,89]. These inherent
features of spheroids make them appropriate models for drug screening
studies [90,91]. Based on the engineering techniques used for the
fabrication of spheroids, they are classified into scaffold-based and
scaffold-free models [Box 1]. The most common scaffold-free fabrication

Fig. 2. Evolution of 3D-engineered cancer models. Highlights the evolutionary progression of cancer models, starting from traditional 2D cell cultures towards
more sophisticated 3D models. The transition to 3D models, including organoids, spheroids, and microfluidic models, has allowed researchers to capture the
complexity of TME more accurately. By incorporating tissue engineering principles and advanced imaging techniques, these models offer a closer representation of in
vivo tumor behavior, enabling an enhanced understanding of cancer biology and facilitating the development of more effective therapeutic strategies. Created with

BioRender.com.
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Box 1
Engineered approach for spheroid and organoid fabrication

Spheroid models are typically classified according to the type of cell they contain, and the fabrication technique used. Based on cell type
spheroids are categorized as multicellular tumor spheroids (mostly derived from established cell lines), tumorospheres (formed of cancer cells
derived from tumor tissue) and heterotypic spheroids (spheroids containing cancer, immune and stromal cells) [257]. Among these heterotypic
spheroids are of great interest owing to their close reciprocation of the intricate TME network. Scaffolded and scaffold free spheroids are the
most widely used classification based on fabrication technique. Scaffold free method relies on self-organization of cells and spheroids that are
cultured without an external matrix. Hanging drop, low-adhesion and magnetic levitation are common scaffold free techniques. On the other
hand, in scaffolded techniques, spheroids are cultured in a controlled ECM that are derived from natural or synthetic material. Matrix on top,
matrix encapsulated, and spinner flasks are popular technique for scaffolded spheroid generation. Cell source and fabrication method has to be
carefully chosen based on the application/model the spheroids are used for [93].

Organoids are similar to spheroids but are superior in such a way that organoids can mimic the function and structure of the tissue better than
spheroids. Organoid 3D models are very useful in immunological studies due to their ability to retain the immune cell spectrum. Unlike
spheroids, organoids require ECM for their generation. Based on the ECM used for cultivation, organoids are classified as native and recon-
stituted TME models. Native TME organoids aim to preserve the endogenous immune and stromal cell population. Air Liquid Interface (ALI) and
microfluidic organoid cultures are the commonly used native organoid culture methods. Tumor organoids are formed by enzymatically
dissociating tumor tissue, and the immune/stromal cells are exogenously added to the formed organoid. Submerged culture is the widely used
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technique for reconstituted TME spheroid generation [258].

techniques are hanging drop [92,93], liquid overlay [94], and magnetic
levitation [95]. Low retention, gravity, and surface tensions are instru-
mental in forming scaffold-free spheroids. On the other hand, micro-
patterned plates [96], matrix embedded [97], spinner flasks [98], and
microfluidic cultures [99] are the standard methods for scaffold-based
spheroid generation. Scaffolds used in these techniques are either a
natural hydrogel material like collagen I, Matrigel®, or alginate or a
synthetic material like poly (ethylene glycol) or polycarbonate. The
scaffold-based approach offers additional advantages of cell-matrix
interaction through external cues that support cell adhesion to the
hydrogel. Classification of spheroids based on their fabrication method
is reviewed in detail elsewhere [91,100-102]. These engineered tech-
niques allow for controlled manipulation of cells to form into spheroids,
making them appropriate models for studying tumors.

Cancer spheroids can be established from various cell types,
including cell lines, patient-derived cells, stem cells, engineered cells,
and co-culturing with other non-cancerous cells. Among various cell
sources, the formation of spheroids from cell lines is relatively easy and
less complex. Recently, an anti-cancer mitochondrial inhibitor drug was
tested on pancreatic cancer spheroids formed from an immortalized
pancreatic carcinoma cell line, and the results showed increased effec-
tiveness in inhibiting spheroid growth when combined with radiation
therapy [103]. Another study compared the response of bladder cancer
cells to doxorubicin treatment under 3D and 2D conditions. Particularly,
this study generated spheroids using the hanging drop technique and
compared the presence of microvilli with the mono-culture of cells.
Findings from imaging-based analysis confirmed the microvilli pro-
jections in 3D spheroid cultures as opposed to 2D mono-culture, sug-
gesting the close resemblance of spheroids to in vivo tumors.
Additionally, the drug response studies showed increased resistance in
3D spheroid culture compared to 2D mono-culture [104]. With the
advent of CRISPR/Cas9 technology, genomic mutations can be intro-
duced into cells to replicate the disease phenotypes in vitro and in vivo.
Remarkable engineered models have been reported employing the gene
editing tool. For instance, using Cas9 genome editing, a tissue inhibitor
of metalloproteinase-2 was inhibited in an ovarian cancer spheroid
model. It was observed that tissue inhibitor of metalloproteinase-2 in-
hibition increased cancer cell proliferation and altered the sensitivity of
the spheroids to chemotherapies [105].

To further the research in utilizing spheroid models for cancer ge-
nomics studies, a study compared genomic-wide CRISPR screens be-
tween 2D culture and 3D spheroid models. This study developed a 3D
spheroid system that propagates 200 million lung cancer cells in a single

spheroid using low attachment plates for high throughput drug
screening. Findings from pathway enrichment and phenotype distribu-
tion analyses suggested that 3D spheroid screens closely reflect the
features of in vivo cancer genes [106]. These studies have enabled the
substantial improvement of in vitro models and their potential applica-
tions for cancer studies. Though all these studies provided valuable in-
formation about cancer processes, most studies focused only on cancer
cells, isolating them from their environment. Hence, models must be
developed to capture the cellular interactions and signaling pathways
driving cancer progression. In the following section, we will elaborate
on how spheroid models are used to study various tumor-stroma,
tumor-immune, and tumor-complex interactions.

3.1.1. Spheroid models for tumor-stromal interactions

Metastasis of cancer cells from the primary tumor to the distant site is
among the leading causes of cancer-related death. In this context,
numerous groups have utilized 3D heterotypic spheroid models [Box 1]
to mechanistically unravel the signaling circuits dictating these pro-
cesses. For instance, colorectal cancer (CRC) spheroids were co-cultured
with fibroblasts to determine the significance of direct contact between
CAFs and cancer cells. The analysis revealed that the activation of SRC
receptors, triggered by the surface expression of FGF-2 on fibroblasts,
promoted cancer cell migration [107]. To better simulate ECM stiffness
and cellular interactions in engineered models, a study by Liu et al.
devised a tunable hydrogel scaffold using alginate and collagen I. Het-
erotypic spheroids containing breast cancer cells and mammary fibro-
blasts were fabricated in a low adhesion 384 well plate (Fig. 3A (i)).
Immunofluorescent staining showed that fibroblasts in co-culture were
more mobile in tunable hydrogel than the standard collagen I matrix.
Building upon these findings, this study assessed the involvement of the
CXCL12-CXCR4 axis, which is a known contributor to cancer cell inva-
sion. Two spheroids (fibroblast spheroids expressing CXCL12 and cancer
spheroids expressing CXCR4) were embedded in the tunable hydrogel to
assess this signaling axis. Using fluorescent microscopic evaluation, it
was observed that cells from both spheroids exhibited anisotropic
migratory behavior, forming a bridge between them (Fig. 3A (ii)). Sur-
prisingly, spheroids composed of wild-type cells lacking the expression
of these signaling molecules had a sun-burst migratory pattern (Fig. 3A
(iii)). In sum, this study utilized a novel hydrogel-based 3D invasion
model to confirm the directed migration of cancer cells toward a
chemotactic gradient [108].

Two studies were conducted to evaluate the impact of ECM stiffness
on cancer-stromal crosstalk. The study by Saini et al. utilized a
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Fig. 3. 3D Spheroid Models to Study Tumor-Stromal Interactions. A) Alginate based 3D invasion model. (i) Comparison of invasion of cancer spheroid across
three different methods. Cancer spheroids in round bottom plate (left), spheroids in alginate scaffold (middle), and spheroids in collagen I matrix (right). Red - MDA
231 cells, Green - Fibroblasts. (ii) 3D view of CXCL2 (red) - CXCR4 (green) driven migration between spheroids embedded in alginate scaffold. (iii) Migration of wild
type MDA 231 and fibroblast spheroids embedded in the aliginate scaffold. Adapted from Liu. et al. with permission from Elsevier [Acta Biomaterialia], Copyright
2018 [108]. B) 3D organotypic tumor-stroma microengineered model. (i) Schematic representation of fabrication of 3D spatially organized tumor-stroma model
using PDMS stamps and micro-molding technique. (ii) Phase contrast images showing the invasion behavior of MCF and MDA-231 cells in the presence and absence
of CAFs. Highly invasive MDA-231 cells showed increased single cell migration in the presence of CAFs and less invasive MCF-7 cells showed colony formation in the
co-culture condition (iii) Immunofluorescent images showing the cytoskeletal organization of spheroids under varying culture conditions. Adapted from Saini. et al.
with permission from Elsevier [Biomaterials], Copyright 2020 [109]. C) In-air production of 3D microgel-based co-culture spheroid for high throughput drug
screening. (i) Schematic depicting the generation of 3D photo-crosslinkable heterotypic tumor spheroid assembly using superhydrophobic surfaces. Left — Chemical
structure of HA-MA and GelMA hydrogels, Center — Generation and size control of co-culture spheroids using superhydrophobic surface and droplet dispensing.
Right- Application of spheroids for drug screening and growth rate monitoring. (ii) Optical micrographs of co-cultured prostrate spheroids at two different HA-MA
concentrations. Left — Monitoring of spheroid growth in HA-MA 2.5 % and varying GelMA concentrations. Right — Monitoring of spheroid growth in HA-MA 5 % and
varying GelMA concentrations. Adapted from Antunes. et al. with permission from Elsevier [Acta Biomaterialia], Copyright 2019 [115]. D) Rapid press-on
hydrogel-based 3D spheroid generation. (i) Schematic representation of on-chip spheroid formation using hanging drop technique followed by generation of
spheroid-in-gel formation using press-on patterning. (ii) Bright field images of single array of microwells containing spheroids in a collagen I scaffold. Red circle
highlights the hydrogel regions and blue circle highlighting the spheroid microwell (iii) Left- Schematic representation of co-culture of spheroid with endothelial
cells using the spheroid-ingel formation. Right- Inmunofluorescent staining of MCF spheroid surrounded by HUVEGs. (iv) 3D rendered image of vasculature formed

inside the microarray chip (Red: Actin, Blue: Hoechst). Adapted from Su. et al. with permission from MDPI [Biosensors], Copyright 2018 [116].

micropatterned tumor model (Fig. 3B (i)) to examine the effect of CAFs
on tumor development and stromal desmoplasia [Glossary]. The study
utilized imaging quantification, including real-time imaging and
immunofluorescent staining, to demonstrate that CAFs enhanced cancer
study also identified that the pro-fibrotic cytokine (PDGFR) produced by
tumor cells is a significant contributor to stromal stiffness. Overall, the
study provided valuable insights into the biophysical and biochemical
cues affecting tumor-stroma interactions and drug responses in the
context of TME [109,110]. Another study by Yue et al. evaluated the
impact of ECM stiffness on tumor-adipocyte interactions and its influ-
ence on adipogenesis [Glossary] in breast cancer. They used a stromal
cell-laden microwell array system with tunable TME composed of
gelatin methacrylate (GelMA) to mimic normal and healthy mammary
tissue. Nanoindentation studies revealed that breast cancer spheroids
increased the surrounding stiffness by activating stromal adipocytes.
This study also investigated how tumor spheroid aggressiveness affects
adipocyte differentiation, finding that cancer cells influence adipo-
genesis in an ECM-stiffness-dependent manner. Overall, this research
highlighted the crucial role of matrix stiffness in cancer-stromal

interactions [111].

Crosstalk between ECs and tumor cells has been critically studied to
capture key features of TME, such as angiogenesis. In this context,
Shoval et al. conducted a study to investigate the interactions between
ECs and tumor cells using a multicellular spheroid model. To account for
patient heterogeneity, the authors used different sources of tumor cells
to form spheroids, (M21, BR-58 patient-derived spheroids; BxPC3, A375
cell line spheroids), each with different tumor cells to ECs ratios. The
study found that the invasiveness of cancer cells was influenced by the
origin of the tumor cells, indicating that tumor cells exhibit distinct
behaviors depending on their surrounding cellular components [112].
Another independent work utilized a 3D co-culture spheroid model of
hepatocellular carcinoma and ECs to investigate a similar question. The
co-culture of human umbilical vein endothelial cells (HUVECs) with
normal and cancerous cells exhibited inherent variability depending on
the type of cancer cell line involved. Confocal imaging of the co-culture
spheroids indicated the tube formation of HUVECs, further supporting
the liver cancer cells’ ability to cause angiogenesis. Western blot analysis
of signaling proteins revealed the upregulation of Akt/mTOR signaling
in 3D cultures, which is crucial to induce angiogenesis. Finally, using the
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3D co-culture model, this study demonstrated the effectiveness of three
tyrosine kinase receptor inhibitors under conditions similar to those of
the liver TME. Thus, the model shows the system’s applicability as a
dual-screening tool for comprehending biology and drug screening
[113].

In recent years it has become widely recognized that obesity in-
creases the risk of cancer. Currently, a stream of research is focused on
understanding how the TME changes during tumor progression in obese
patients. In this light, a recent study evaluated the role of breast adipose-
derived mesenchymal stromal/stem cells (bASCs) on tumorigenic po-
tential within TME using a spheroid co-culture model. To assess the
phenotypic changes of bASCs in obese and lean patients, stromal cells
were isolated from primary tissues collected from adjacent and distant
tumor sites. Through extensive transcriptomics analysis, this study
confirmed the changes in the secretome profiles of lean and obese
bASCs, leading them to exhibit characteristics similar to CAFs. These
transcriptomic profiles also supported the role of TME in functional
changes of bASCs. To corroborate these findings with cancer-stromal
crosstalk, hybrid spheroid culture was established. Results from this
spheroid model showed that breast cancer-associated bASCs could de-
differentiate into CAF-like cells that promoted proliferation, motility,
and chemoresistance of tumor cells in the presence of high malignant
breast cancer spheroids. These findings highlighted the tumorigenic
behavior of bASCs in TME and their phenotypic differences in fueling
cancer progression [114].

The use of spheroid models for drug screening has also gained
notable momentum due to their ability to resemble critical features of
tumors. However, traditional 3D spheroid generation techniques often
result in varied size distribution, which is a major limitation. To over-
come such limitations various studies have focused on employing and
integrating advanced engineering techniques. For instance, a recent
study used superhydrophobic surfaces [Glossary] to rapidly fabricate
photo-crosslinkable hyaluronan-methacrylate/gelatin-methacrylate 3D
spheroid microgels with precise control over size and co-encapsulation.
These microgels were used to create heterotypic spheroids containing
prostate cancer cells and human osteoblasts with varying cell densities
(Fig. 3C (1)). To establish a relevant prostate-to-bone metastasis model,
tumor and osteoblast cells were mixed at 1:1 to form the heterotypic
spheroids (Fig. 3C (ii)). Alizarin Red staining for calcium deposition
demonstrated the viability and mineralization of encapsulated osteo-
blasts. Additionally, Cisplatin cytotoxicity evaluation revealed increased
resistance of 3D microgel spheroids to chemotherapeutic drugs
compared to conventional 3D spheroids. Overall, this study reported a
novel technique for the fabrication of reproducible spheroids for anti-
cancer drug screening [115]. Leveraging advanced microfabrication
techniques, a study by Su et al. demonstrated the encapsulation of in-
dividual spheroids into a hydrogel island using a press-on confinement
technique (Fig. 3D (i)). To mitigate the need for manual transferring of
spheroids onto a hydrogel scaffold, an on-chip spheroid culture was
adopted. Briefly, MCF-7 cancer cell suspension was loaded onto the
hydrogel confinement and flipped over to initiate spheroid formation.
Using this hanging drop technique, spheroids were formed within just
two days on-chip (Fig. 3D (ii)). Once spheroids were formed, the
hydrogel (Collagen I/Matrigel®) was added directly onto them to create
an in-place spheroid-in-gel system (Fig. 3D (iii)). To show the robustness
of the proposed model in mimicking the physiological environment,
HUVECs were added to the system to form vascularized spheroids
(Fig. 3D (iv)). With this co-culture spheroid model, the team of in-
vestigators evaluated the system’s applicability for drug screening.
Overall, this study reported a simple and easy spheroid formation
method without manual transferring [116].

It’s worth noting that a recent study utilized a microfluidic platform
for the formation and maintenance of patient-derived ovarian cancer
spheroids. The devised platform consisted of 19 arrays of microwells for
spheroid formation. Compared to standard 3D cultures (Matrigel®-
based culture), the spheroids generated through microfluidics were
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reported to be superior, with higher uniformity in size and shape.
Leveraging the microfabrication principle of this platform enabled the
cultivation of spheroids from cell types that are difficult to culture with
minimal number of cells, which helps advance engineered models from
fundamental research to translational tools [117].

3.1.2. Spheroid models for tumor-immune interactions

Different strategies and techniques have been applied to incorporate
and study the immune cell context of TME within spheroids models. In
this line, a collagen I embedded spheroid model was developed to
incorporate and study the effect of macrophages on synergistic tumor
growth and drug treatment. The effect of macrophages on tumor growth
was assessed under four different culture conditions where breast cancer
spheroids were fabricated initially using agarose microwells and then
embedded in a 4 mg/mL collagen I scaffold. It was discovered that the
heterospheroid, which contained both macrophages and cancer cells,
grew as a solid mass, unlike the other conditions. The cytokine assay
revealed that EGF interaction between TAM-cancer cells is partially
linked to lower oxygen levels. Moreover, this study emphasizes the
significance of tumor cell proximity on TAMs differentiation [118].

Microglia are an essential type of immune cells in the central nervous
system. Therefore, studying their interactions with glioma progression is
of particular importance. In that line, a study by Wei et al. devised a
brain-mimetic hydrogel system to comprehend the crosstalk between
microglia on glioblastoma (GBM) progression. GBM spheroids were
formed using low binding plates, and the formed spheroids were either
mono- or co-cultured in GelMA disks with microglia preventing direct
contact. In the presence of GBM cells, microglia showed changes in
morphology and activation (Fig. 4A(i)). On the other hand, GBM cells in
co-culture conditions were reported to have enhanced proliferation and
reduced migration (Fig. 4A(ii)). This observation was consistent among
various GBM samples. To couple these findings with the molecular level,
transcriptomic studies were performed. Notably, Gene Ontology ana-
lyses revealed the upregulation of genes associated with proliferation
and the downregulation of genes linked to invasion. These findings
emphasized the importance of studying cellular crosstalk and provide
valuable insights for screening [119].

The effectiveness of cancer treatments has been dramatically
improved with the introduction of immunotherapies, which have
become less harmful. Immunotherapy used alongside conventional
treatments has emerged as a cornerstone in cancer therapy. Some
breakthroughs in the field of immunotherapy include immune check-
point inhibitors, specifically personalized CAR-T cell therapy. However,
ongoing research focus on overcoming immunotherapy resistance and to
enhance tumor immunogenicity which creates a need to better under-
stand immune cells involvement and molecular mode of action during
therapeutic intervention [120]. In this regard, numerous studies have
explored ways to better understand the behavior of immunotherapies
through spheroid models. Research in this field can be categorized into
two main areas. The first area of focus involves understanding the
mechanisms contributing to immune evasion. The second area of focus
involves analyzing the participation and reaction of the immune cell
populations to immunotherapeutic agents. The following section delves
into several of these studies in detail. In the same vein, the study by
Jiang et al. developed a high-throughput observation chamber called
iHOC to test the effects of immune checkpoint inhibitors on Jurkat T
cells and their interaction (Fig. 4B (i)). The iHOC model, which included
a 3D printed microwell array for tumor spheroid generation
(MDA-MB-231) and a micropillar array coated with a complementary
antibody (IL-2) for sampling secreted biomarkers, was used to monitor
the effects of anti-PD-1 on T cell infiltration into tumor spheroids. The
results showed that T cells infiltrated the spheroids more when the
anti-PD-1 antibody was present, as seen in the confocal microscopic
evaluating immune cell interaction in the presence of immunothera-
peutic reagents [121].
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Fig. 4. Spheroid Models to Study Tumor-Immune Interactions. A) Co-culture model of glioma cells with microglia (i) Schematic representation of glioma
organoid generation and co-culturing with glial cells. (ii) Bright-field images of glioma invasion in mono-culture (G12 single) and co-culture condition (G12 co),
showing inhibition of glioma migration in the presence of microglia. Adapted from Chen. et al. with permission from BMC [Journal of Neuroinflammation],
Copyright 2018 [119]. B) High throughput miniaturized bioreactor for modeling immune-tumor interactions. (i) Schematic illustration of the immunotherapeutic
high-throughput observation chamber (iHOC). Micropillars were generated using a photolithographic technique and used for spheroid generation. Upon spheroid
formation, activated T cells are added to the microchambers to initiate T-cell infiltration. (ii) Confocal imaging of spheroid in the presence and absence of anti-PD-1
antibody. Micrographs show the most profound infiltration of T cells (green) into the spheroid (red) in the presence of anti-PD-1. (iii) Quantitative assessment of
T-cell infiltration into the spheroid at 2, 12, and 24 h time points. Adapted from Jiang. et al. with permission from Wiley [Small], Copyright 2021 [121]. C) High
throughput spheroid microarray for NK cell-mediated cytotoxicity study. (i) Schematic representation of 384 well plate-based sandwich assay setup alongside
High content imaging of cancer spheroids showing the live (green) and dead (red) after exposed to NK92-CD16 cells. (iii) Dose-dependent responsive curves of
MDA-MB-231 (top) and MCF-7 spheroids (bottom) exposed to combinatorial antibodies and NK cells. Adapted from Gopal et al. with permission from Nature
[Communications Biology], Copyright 2021 [124].

Alongside T cells, NK cells also possess a remarkable ability to kill spheroids were co-cultured with enriched autologous lymphocytes, the
cancer cells, making them an important focus in cell-based immuno- lymphocyte infiltration potential varied widely. In summary, this study
therapies. Using a co-culture spheroid model, a study by Sarchen et al. presented a dynamic model that can be used to study anti-tumor im-
investigated NK cell-mediated cytotoxicity. Specifically, spheroids from mune responses [123].
cancerous cell lines (RH30, Kym-1) and primary neuroblastoma tissue Along the same line, using rapidly screening drugs in a contextually
samples were used with activated NK cells to evaluate their ability to relevant manner, a recent study reported using a high-throughput
infiltrate and kill tumor spheroids. It was observed that NK cells exerted micropillar-microwell sandwich platform to assess NK cell-mediated
cytotoxic effects on a wide range of cancer spheroids, confirming their cytotoxicity. Cancer spheroids (breast and pancreatic) were formed by
role in anti-tumor immunity. To enhance the NK cells ability to kill creating a dome of cell-hydrogel mix on the pillar in an upside-down
cancer, this study investigated the impact of BH3 mimetics - compounds orientation (Fig. 4C (i)). The study showed that the cytotoxicity of NK
that antagonize anti-apoptotic proteins. The results showed that the cells improved when combined with monoclonal antibodies Trastuzu-
addition of BH3 mimetics increased the cytotoxic effects of NK cells in mab and Atezolizumab (Fig. 4C (ii-iii)). Additionally, the study used
destroying a variety of cancer spheroids, confirming a novel approach to EC50 measurement to confirm the NK cell-mediated apoptosis of the
increase NK cell-mediated anti-tumor immunity. Together, this study spheroids in the presence of drugs. Finally, researchers found that
presented a promising approach to induce apoptosis and eliminate blocking the PDL-1 receptor with an anti-PDL antibody (Atezolizumab)
tumor cells, potentially offering new strategies for improving thera- improved NK cell-mediated cytotoxic killing. This platform can be
peutic outcomes [122]. Another study evaluated the interaction of CRC potentially useful for high-content drug screening [124].
cells with activated NK and T cells using a 3D co-culture spheroid model.

Analyzing factors such as spheroid volume and shape showed that 3.1.3. Spheroid models for complex TME interactions

activated immune cells can infiltrate tumor cells and induce cell death. The intricate and disordered nature of TME and its elements
The study also revealed that NKG2D-MICA/B engagement is critical in frequently result in unsuccessful treatments. To combat this, numerous
tumor immune surveillance. However, when patient-derived CRC studies are currently concentrating on integrating different aspects of
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the TME and enhancing model complexity. For example, a recent study
developed a novel high throughput droplet-based platform to generate
complex 3D immunogenic tumor spheroids for the assessment of
immunomodulatory drug activity for diffuse large B cell lymphoma.
Diffuse large B cell lymphoma spheroids consisting of three cell types
(cancer cells, fibroblasts, and lymphocytes) embedded in a unique
hydrogel combination of alginate and puramatrix. The platform used a
microfluidic docking array housing 250 cell-laden microspheres and
facilitating the continuous perfusion of spheroids with drugs (Fig. 5A (i-
ii)). Quantitative analysis of cell proliferation and viability under the
treatment regime and control (without drug) clearly showed the dif-
ference between 2D mono-cultured cells and 3D microspheres, where
cells encapsulated inside a 3D hydrogel exhibited greater resistance to
the drug treatment (Fig. 5A (iii)). Additionally, it was shown that the
anti-cancer drug-Lenalidomide, showed enhanced cancer cell death that
was mediated through increased proliferation of the immune cells.
Finally, through proteomics analysis, this study profiled the secretome
from the spheroid array. As expected, they observed downregulation of
pro-inflammatory cytokines like IL-6 and IL-8. Overall, this study re-
ported a platform that can be used for multiparametric assessment of
cellular interaction [125]. In par with this study, another group devised
a multicellular spheroid model that incorporated fibroblast, breast
cancer cells, and monocytes to evaluate multidimensional interactions
in a hot and cold TME scenarios [Glossary]. Spheroids were fabricated
using MDA-MB-231 (hot) and MCF7 (cold) cancer subtypes to represent
hot and cold tumors. To generate co-culture or tri-culture spheroids
cancer cells, stromal, and immune cells were seeded at 1:1:1 ratio.
During the initial screening of spheroids, it was observed that the
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expression of immunosuppressive modulators like PDL-1 and IDO-1
differed among cancer subtypes in response to doxorubicin. This im-
plies that immunosuppression may play a role in chemotherapeutic
resistance. Next, spheroids were co-cultured with dermal fibroblasts to
evaluate how the stromal cells mediate in creating an immunosuppres-
sive environment. Screening for CAF-associated markers including
o-SMA, CXCL2, FAP showed significant upregulation in MDA spheroids
as opposed to MCF7 spheroids. Subsequently, THP-1 and peripheral
blood mononuclear cells were incorporated into the model (tri-culture
spheroid) to assess the influence of CAFs on immune cell infiltration. As
expected, the study reported a higher infiltration of immune cells in the
presence of MDA spheroids compared to the other condition, accom-
panied by a significant differentiation of macrophages to M2 phenotype
in the MDA condition. Overall, through this study, two things can be
inferred. First, findings from flow cytometry and gene expression ana-
lyses revealed the correlation between stromal-immune crosstalk to
establish an immune suppressive environment. Secondly, this study also
highlighted the inherent variation that could potentially arise from
cancer subtypes [126]. To recapitulate the diverse cellular composition
of TME, Berger et al. developed a high throughput droplet-based
microfluidic system that utilized alginate (Alg) or alginate-alginate
sulfate (Alg/Alg-S) hydrogels along with breast cancer cells to create
tumor-stroma scaffolds, simulating the breast cancer TME. Breast cancer
along with fibroblasts and epithelial cells to mimic other stromal cells
were assessed in the presence of two TME scaffold types— proin-
flammatory microenvironment (M1 macrophages and activated T cells)
and immunosuppressive microenvironment (M2 macrophages and
non-activated T cells). Proteomic analysis of tumor cells in Alg/Alg-S

Fig. 5. Spheroid Models to Study Complex TME Interactions. A) Microfluidic array system for the assembly of immunogenic spheroids. (i) Schematic of spheroid
array system housing 250 cell-laden spheroids generated using a droplet-based microfluidic system. (ii) Overlay image of spheroids in the array containing different
cells such as peripheral blood mononuclear cells, lymph node cells, etc. (iii) Bar graph showing the percentage of cell death in spheroids vs 2D model, with and
without drug. Both in the presence and absence of drugs overall cell death in the 3D platform was less when compared to 2D system. Adapted from Pooja. et al. with
permission from Elsevier [Journal of Controlled Release], Copyright 2019 [125]. B) High-content microarray platform coupled with deep learning for immuno-
therapeutic screening. (i) Graphical representation of spheroid generation, drug screening, and deep learning technique to assess drug candidates. Microfluidic-based
fabrication of core-shell spheroids (core-tumor; shell-CAFs)-right, microfluidic immune-tumor interaction platform for assessing T cell infiltration pattern — middle,
and deep learning analyzer for image processing and T cell infiltration scoring. (ii) Time-lapse image showing T cell killing dynamics within the spheroid at various
time points. (iii) Simultaneous tracking of T cell infiltration and cytotoxicity within the heterotypic tumor spheroid. 3D projections highlighting the position and
trajectory plots of T cells under different treatment regime namely untreated, Anti-PD1, GSK-LSD1, and combo, suggesting the highest infiltration in the combi-
natorial therapies. Adapted from Ao. et al. with permission from PNAS [Communications Biology], Copyright 2021 [128].
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scaffolds showed an increase in proteins involved in cell-cell in-
teractions. Additionally, macrophages shifted from a proinflammatory
to an immunosuppressive phenotype when cultured in Alg/Alg-S
hydrogel. This study is significant in understanding the complexity of
the TME and its role in cancer progression [127].

Another recent study examined the behavior of T cells for effective
immunotherapeutic outcomes using a high throughput screening model
for pancreatic cancer. The proposed model consisted of a pillar-lattice-
array-based microfluidic system that enabled the heterotypic forma-
tion of uniform spheroids (Fig. 5B(i)). Through imaging analysis, it was
shown that stromal components within the tumor spheroid hindered the
infiltration capabilities of the T cells. Furthermore, it was reported that
the speed of cytotoxic T cells was slower than non-cytotoxic T cells. To
automate the screening process, the study created a deep learning-based
Drug library screening identified an epigenetic drug, lysine-specific
histone demethylase one inhibitor as the top drug candidate promot-
ing T cell tumor infiltration. Cross-validation of the drug using in vivo
studies further confirmed the efficacy of lysine-specific histone deme-
thylase one inhibitor in T cell infiltration. This unique study showed the
integration of engineered models and machine learning methods for
discovering effective immune and combination therapies [128].

Although all the suggested platforms have great advantages, above
reported spheroid systems may not be ideal for solid tumors with leaky
blood vessels. However, this limitation has been resolved with advanced
micro-engineered models such as microfluidic platforms and vascular-
ized spheroid models. In this effort, a study reported a vascularized
tumor model, which aims to stimulate the early stages of solid tumor
progression. This model consisted of spheroids with both endothelial
and tumor cells within a fibrin matrix along with fibroblasts. The
amenability of the proposed platform was confirmed by adapting the
system to other non-cancerous cell types. When assessing capillary
network growth among different cell types, irregular and more branched
capillaries were formed in the presence of colon cancer spheroids. In
contrast, dense capillary formation occurred when breast tumor cells
were co-cultured. These results clearly demonstrated the differences
among various cancer cell types. Furthermore, this established model
evaluated the potential of cancer cell extravasation (i.e., exit of cancer
cells from circulation) under different oxygen rates. CRC cells were
found to have double the potential for extravasation under lower oxygen
rates, and this process was dependent on the epithelial to mesenchymal
(EMT) transcription factor slug. Overall, this model allowed under-
standing of cancer cells intravascular migration through lumenized
vessels, and the fundamental processes involved in cancer progression
[129].

Another recent study aimed to closely monitor the behavior and
infiltration of immune cells by creating a microfluidics-based tumor
model with perfusable vascular networks. Perfusable multi-cellular
tumor spheroids (MCTS) was established inside a microfluidic plat-
form by co-culturing pre-formed MCTS with ECs inside a fibrin hydrogel.
The study established three spheroid conditions: Mono-, Co-, and Tri-
culture (Fibroblasts, Cancer cells, and Endothelium) and assessed the
spheroids morphology. Secretome analysis revealed increased expres-
sion of angiogenic factors confirming the initiation and maintenance of
vasculature. Furthermore, tri-culture spheroids on a vascular bed
showed a two-fold increase in growth with the anastomosis of vascular
bed cells with the endothelial spheroid cells. Together, these findings
confirmed the formation of perfusable vascular networks within the
spheroids. Finally, evaluation of the cytotoxic drug Cisplatin showed
varying penetration patterns across different spheroid conditions. It was
reported that the accumulation of drugs in mono-culture was observed
to be on the periphery of the tumor spheroids and required higher dosing
of the drug to reach enough penetration. On the other hand, penetration
of the drug was observed to be higher in the core of the spheroid in case
of tri-culture condition. These findings underpin the role and need for
inclusion of varying cellular compositions of TME to take these in vitro
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models further toward the personalized medicine screening [130].

Owing to the intermediate complexity between traditional 2D
monolayers and in vivo tumors, spheroid models have garnered consid-
erable recognition as appropriate engineered models for basic tumor
biological studies and drug screening. Despite their advantages, a set of
constraints impedes the seamless integration of spheroids into pre-
clinical testing models. A pivotal but intricate aspect that poses a crit-
ical challenge is the consistent formation of spheroids. The size of the
spheroids is intricately linked to seeding densities, and their dimensions
can vary substantially across different cancer types, adding a layer of
complexity to the standardization process [131]. Furthermore, while
spheroids are favored as culture models for drug screening, assays pre-
dominantly evaluate the efficacy of the drug based on the size and
volume of the spheroids [102]. However, relying solely on these criteria
poses challenges, as the variability in size and shape mentioned earlier
undermines the appropriateness of such assessments. Thus, there is a
pressing need to establish more accurate evaluation methods tailored to
the unique characteristics of spheroids to ensure the reliability of
spheroids-based assays.

3.2. Organoid models

Organoids are self-organized 3D clusters of cells that sustain long-
term culture with increased stability [132,133]. Organoids are derived
exclusively from primary tissue samples, embryonic stem cells, or
induced pluripotent stem cells [134-138]. Organoids has a unique
ability to retain intra and intertumoral heterogeneity with spatial or-
ganization mirroring the physiological architecture [139]. Additionally,
patient-derived organoid (PDO) models help preserve the T cell spec-
trum, cancer-specific mutation and capture the epigenetic alternation
complementing the pathological condition [140]. These features make
organoid models functionally suitable for in vitro drug screening,
personalized medicine, and are currently being tested in real-time
clinical decision-making [141,142].

Various strategies have been adopted for generating tumor organoids
to retain the TME architecture [Box 1]. Among those, submerged
organoid cultures [Glossary] are commonly used. For instance, 3D
breast cancer organoids were developed to dissect the invasive behavior
of cancer cells that leads to metastasis. Organoids were established using
combinatorial (both mechanical and enzymatic) digestion of primary
tumor tissue and encapsulating the cells in collagen I matrix. This study
revealed that leader cells expressing epithelial genes K14 and p63 were
crucial for collective migration [143]. In another study, researchers
utilized primary human liver organoids collected from various patients
to predict their response to chemotherapeutic drugs like plicamycin and
idarubicin. The results of the study showed diverse responses to these
drugs due to the presence of intratumor heterogeneity, while empha-
sizing the usefulness of organoid models in personalized drug testing
[144]. While it is relatively easy to create organoids using the sub-
merged method and scale up the process, these organoids lack other
non-epithelial cell types found in the tumor environment [145].

To address the limitations of epithelial-based organoid culture, re-
searchers have also developed new methods that incorporate non-
cancerous cellular components. Two commonly used methods for
generating tumor organoids that can incorporate other cellular compo-
nents of TME are the reconstituted TME model and the native TME
model. In the reconstituted TME model, immune and/or stromal com-
ponents of the TME from the same tissue sample or exogenous cells are
added to the organoid culture. While, the native TME model aims to
preserve the TME component of the native tissues. An air-liquid inter-
phase (ALI) technique has shown a great promise in generating PDOs
while maintaining their natural structural environment. These models
are widely used to study TME processes, as they retain the pathophysi-
ology of tumors. As in the previous section, we have categorized orga-
noid models based on their cellular interactions.
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3.2.1. Organoid models for tumor-stromal interactions

Organoids are considered a suitable platform for studying tumor-
nonimmune cell interactions. As CAFs are an important stromal
component of the TME, their role in carcinogenesis has been investi-
gated by many studies. Accumulating evidence has revealed the acti-
vated state of CAFs to be strikingly different from that of myofibroblasts
[146]. This conversion of normal fibroblast to CAFs is partially associ-
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treatment. Confocal imaging confirmed the presence of CAFs sur-
rounding the organoids, and immunofluorescent imaging revealed their
role in promoting organoid growth. This study also found that secreted
factors released by tumor cells affected CAFs physiology. Additionally,
the study assessed the response of organoids to clinically used
anti-cancer drugs (sorafenib and regorafenib) in the presence and
absence of CAFs, which demonstrated the role of CAFs in contributing to

ated with CAF-cancer cell interactions [147]. In the same line, another
study utilized 3D co-culture liver tumor organoid to functionally
investigate tumor-CAFs interactions and their response to drug

treatment  resistance [148]. In a different approach,
hyaluronan-gelatin-based co-culture model was proposed to establish an
organotypic CRC organoid system (Fig. 6A (i)). Notably, this study

Fig. 6. Organoid Models A) Hyaluronic and gelatin-based cancer organoid model. (i) Schematic representation of isolation and establishment of patient-derived
organoid and fibroblast co-culture system. (ii) Characterization of hydrogel-embedded organoids (CRC PDO) with original patient tissue, confirming the mainte-
nance of actual tissue features in the hydrogel system. Adapted from Luo. et al. with permission from Elsevier [Acta Biomaterialia], Copyright 2021 [149]. B) Tumor
organoid model for modulating TME stiffness and chemotherapeutic studies. (i) Schematic representation of establishing a CRC organoid model with dense ECM.
elongated fiber length in organoids exposed to TGF-f§ compared to control organoids. (iii) Inhibition of TGF- p using SB 431542 showed a reduction in organoid
contraction, confirming TGF-f's role on ECM modulation. Adapted from Dominijanni. et al. with permission from Elsevier [iScience], Copyright 2020 [152]. C)
Patient-derived organoid model to discover engineered T cell mode of action. (i) Multispectral 3D images of breast cancer PDOs (yellow) co-cultured with TEGs
(blue) showing the killing of TEGs: Slow (1837), intermediate (10t), and high (13 T) at indicated time points. (ii) 3D rendered image showing the tracks of T cells in
two different breast cancer organoid subtypes. (iii) 3D multispectral images of CART (blue) cell mode of killing within the co-culture spheroid system. Adapted from
Dekkers, J.F. et al. with permission from Springer Nature [Nature Biotechnologyl, Copyright 2022 [159]. D) Co-culture organoid model to mimic angiogenic
crosstalk (i) Graphical representation of pancreatic organoid co-cultured with endothelial cells inside a hyaluronic acid based hydrogel scaffold. (ii) Confocal images
of co-culture organoids on day 1 and day 3. Adapted from Lim. et al. with permission from Elsevier [Biomaterial], Copyright 2022 [160].
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reported the negative impact of organoid culture medium (advanced
DMEM/F12 medium with 5 % Fetal Bovine Serum, growth factors, and
small molecules) on CAFs viability. Through RNA- and whole-exome
sequencing, this study confirmed that the proposed CRC organoids
maintained molecular traits similar to those of original patient tumors
(Fig. 6A (ii)). Additionally, results from RNA-sequencing showed
increased upregulation of focal adhesion-related genes, confirming the
recapitulation of ECM-mediated CAF-cancer crosstalk [149]. Overall,
this study reported an engineered hydrogel system for culturing both
CAFs and CRC organoids. In another hybrid cancer organoid model, the
effect of podoplanin-positive CAFs (a subtype of CAFs) on lung adeno-
carcinoma was studied. Results from this study showed the supportive
role of CAFs in organoid formation and provided insights about the ef-
fect of CAFs subtype on lung cancer cell proliferation [150]. Addition-
ally, some other studies have also focused on evaluating the effect of
matrix stiffness on treatment outcomes. A study conducted by Xiao and
colleagues illustrated the creation of co-culture pancreatic organoids
with corresponding CAF populations by utilizing advanced biomaterial
that simulates the fibrotic stiffness. To construct a physiologically rele-
vant microenvironment, the proposed study developed a tunable matrix
by integrating collagen-I into Matrigel®. Precise adjustments to the
collagen I matrix led to heightened activation and exosome secretion of
CAFs. These findings not only emphasized the pivotal role of matrix
stiffness but also highlighted it as one of the fundamental mechanisms
driving CAF activation. This studies innovative use of biomaterials, to
recreate the fibrotic context of pancreatic organoids, represents a
promising stride towards enhancing the physiological relevance of in
vitro models for studying cancer biology [151].

The ECM surrounding the solid tumors is mostly stiffer and denser
compared to the healthy counterparts. These altered ECM depositions
have confounding effects on the surrounding cells. Among various cell
types, stellate cells are quiescent fibroblast cell types that are mostly
involved in collagen I synthesis. Unfortunately, the exact mechanism by
which the stromal components impact the acellular ECM deposition is
not completely understood. Utilizing advanced bio-fabrication tech-
niques, various efforts have been taken to characterize the ECM depo-
sition and its effect on the cellular population. In a proof-of-concept
study, tumor organoid model embedded in collagen I was established to
study the effect of cytokines TGF-f on stellate cell activation (Fig. 6B (i)).
In the underlying approach, CRC organoids were formed by embedding
CRC spheroids within stellate cells using polydimethyl siloxane (PDMS)
microwell. Stellate cells were induced to myofibroblast-like phenotype
when the organoid culture was exogenously exposed to TGF-f.
Furthermore, immunohistochemistry quantification showed a 2-fold
increase in fibroblast-associated markers (e-SMA and FAP) in the pres-
ence of TGF-f. To corroborate these findings with change in ECM or-
ganization, structural and morphological changes (diameter change and
matrix stiffness) under different culture condition were assessed. It was
observed that organoids cultured in TGF-B-containing media showed
more diameter reduction than those cultured in control media (without
TGF-B). Furthermore, the characterization of organoids for collagen I
fiber distribution using immunofluorescent staining showed wider and
Together, these results confirmed cytokine-mediated alteration of ECM
through fibroblasts-like cells. Next, to probe if this cytokine-exerted
stiffness can be reversed, TGF-f inhibitor- SB 431542 was added to the
system. Evaluation of the inhibitor to modulate stiffness at different time
points clearly showed time-dependent reversal (Fig. 6B (iv)) [152].

3.2.2. Organoid models for tumor-immune interactions

Countless tumor immunological studies have highlighted the crucial
impact of the immune landscape on tumor growth and treatment out-
comes [153]. A major limitation in the clinical success of immuno-
therapies lies in the poor response from the patients. Various underlying
mechanisms that are involved in immune evasion have been proposed
[154,155]. In this context, a multitude of studies have focused on
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evaluating the T-cell-mediated anti-tumor immune response. For
instance, a proof-of-concept study was conducted to evaluate T-cell--
mediated tumor recognition using a patient-derived organoid model.
The co-culture organoid model was established from tissue and pe-
ripheral blood lymphocytes obtained from the same patient samples.
Flow cytometric analysis for IFN-y and CD107 expression confirmed the
induction of tumor reactivity in T-cell. Next, the ability of autologous
T-cell-mediated organoid killing was assessed using live-cell imaging
and cytotoxicity assay. Findings from this study showed the effective
killing of organoids by T cells. Interestingly, T cells did not show
detrimental effects on non-tumorigenic organoids. Overall, this study
provided a model that allowed the assessment of T-cell mediated
sensitivity on tumor cell killing [156]. In the same vein, another
proof-of-concept study evaluated the soluble factors mediated cytotoxic
effect of T cells. Patient-derived Cholangiocarcinoma (type of primary
liver cancer) organoids were co-cultured with either PMBCs or T cells
obtained from healthy donors. Increased effector cytokine expression
was detected in T cells co-cultured with the organoid samples. Addi-
tionally, quantitative analysis of confocal imaging revealed increased
apoptotic cells in organoids co-cultured with T cells as compared to
mono-culture organoids. Furthermore, the viability of organoids
cultured in an immune cell-conditioned medium confirmed the in-direct
effect of T-cell-mediated killing. Intriguingly, only one PDO was sus-
ceptible to cell death, making these effects organoid-specific [157].
These two studies presented organoid models as a screening tool to
predict individual patient responses to immune cell-based therapies. In
another study, Marcon et al. evaluated NK cells functional and pheno-
typic features within the pancreatic TME using tumor organoids. Flow
cytometric and qPCR analyses showed downregulation of CD16 and
CD57 expression for NK cells co-cultured with tumor organoids.
Observation of activation receptor expression showed no change in
culture, suggesting impairment of NK cell function within the TME.
Additionally, functional profiling of peripheral blood-derived NK cells
further confirmed the modulation of NK cell cytokine profile by disease
progression. Taken together, these findings suggest an immune evasion
mechanism within NK cells and provide insight into potential ap-
proaches to target similar mechanisms used by other immune cells
within the TME [158].

Dekkers et al. created an imaging-based platform to investigate the
interaction between engineered T cells and breast cancer PDOs with the
aim of expanding the use of engineered cell-based immunotherapies for
solid tumors. The study found that cancer metabolite sensing engineered
T cells (TEGs) co-cultured with different subtypes of breast cancer
organoids displayed higher diversity in killing potential (Fig. 6C (i-ii)).
The study also revealed two behavioral patterns of the TEGs, inactive
and active motility, suggesting the heterogenous TEGs behavior (Fig. 6C
(iii)). The universal solid tumor-targeting efficacy of TEGs was
confirmed by extending this assessment to other organoids such as head
and neck and glioma with similar results. Transcriptomics profiling of
TEGs post-PDO exposure identified differentially expressed genes that
are involved in tumor killing [159]. The study introduced a distinctive
approach to examining the interactions between immune cells and
cancer cells, with a focus on evaluating the effects on a patient-specific
basis. Using imaging capabilities in conjunction with the engineered
model will create new opportunities to better understand cellular
interaction dynamics in complex 3D systems.

3.2.3. Organoid models for complex TME interactions

Lim et al. conducted a study to investigate the communication be-
tween hepatocellular carcinoma (HCC) and ECs. The co-culture model
was established by combining HUVECs and HCC patient xenograft-
derived organoids in hyaluronan hydrogel (Fig. 6D (i)). The angiogen-
esis array revealed an increase in angiocrine factors, such as MCP-1 and
CXCL16, in co-culture organoids, indicating the impact of direct cell-cell
contact on mediating angiogenic factors. Furthermore, confocal imaging
confirmed the establishment of perfusable organoids (Fig. 6D (ii)). Bulk
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RNA-sequencing revealed upregulation of genes related to the TNF
cascade, indicating an inflammatory response of HCC cells. The study
further investigated the polarization ability of macrophages due to the
upregulation of inflammatory-mediated genes in co-culture conditions.
gqPCR analysis confirmed the potential capabilities of ECs on macro-
phage polarization. Overall, this study highlights the importance of
stromal and cancer interplay [160].

Apart from delineating the underlying cell-cell and cell-ECM in-
teractions, organoids have served as a preclinical tool for cancer
immunotherapeutic research. A recent study investigated melanoma
organoids as a potent tool for cancer immunotherapeutic research.
Organoids established from melanoma tissue obtained from 30 different
patients and maintained in advanced DMEM/F12 medium were sub-
jected to various immune checkpoint, cellular, and targeted therapies.
The study employed different methods for organoid formation,
including embedding them in a collagen I scaffold similar to ALI and
laying them in Matrigel®. In-depth characterization of various markers
such as a-SMA, vimentin, and ICAM-1 (adhesion molecule) revealed
that the PDOs were able to successfully preserve the tumor stroma,
including fibroblasts (@-SMA), mesenchymal cell (vimentin), and T cells
(ICAM-1). Fluorescent-activated sorting revealed the preservation of
diverse immune cell populations (CD4", CD8™, and CD11b™). The study
concluded by highlighting the potential efficacy of combining small
molecules and tertiary lymphoid srructures [Glossary] therapies,
showcasing the utility of engineered organoid models in precision
medicine [161].

In another approach, multi-cellular organotypic pancreatic co-
culture model was developed and characterized. Patient-specific
pancreatic organoids were grown with stromal cells (i.e., CAFs) using
a submerged culture system. CD3" T lymphocytes isolated from the
buffy coat were then added to the growth medium in the organoid dome
culture. It was shown that CAFs co-cultured with organoids were acti-
vated to a myofibroblast state with a-SMA-positive expression. Addi-
tionally, it was reported that T cells in the liquid phase showed tumor-
dependent infiltration [162]. Overall, this study offers a unique
approach to studying the impact of heterogeneous cellular compart-
ments within the TME and brings us closer to meeting some of the unmet
needs of 2D-based assays.

While the organoid model effectively preserves the architecture of in
vivo tumors, establishing organoids from tissue samples often encounters
challenges related to suboptimal culture conditions. These culture con-
ditions may not meet the diverse cellular requirements of various
cellular components within the model, leading to the deterioration of
the unique in vivo microenvironment [163]. This necessitates the use of
special media composition to maintain their viability for an extended
period of time. Consequently, the expense associated with organoids
poses a barrier to large scale production and the translation potential of
these models. Furthermore, the lack of vasculature presents a technical
challenge, limiting the model’s ability to fully emulate the physiological
conditions of the tumor [164].

3.3. Microfluidic models

Microfluidics are cutting-edge technologies that enables precise
manipulation of minuscule amounts of fluids that ranges from 10~° to
107'® L within channels measuring tens to hundreds of micrometers in
height [165,166]. A distinctive feature of these technologies is efficient
operation at low Reynolds numbers (Re), which signifies the presence of
laminar flow in microfluidic systems. At low Reynolds numbers, the
influence of inertial forces is greatly diminished compared to the
dominant viscous forces acting on the fluid, implying that mass transfer
primarily occurs through diffusion rather than fluid motion [167].
Another key feature is providing exceptional spatial control for the
distribution of cells, thus creating a well-defined microenvironment
[168]. Furthermore, since microfluidic channels are small, they require
a small amount of reagents and cells that reduce the cost of study.
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The initial fabrication technique in the development of microfluidics
involved photolithography etching, adapted from the fabrication pro-
cesses of electronic microchips, which enables control over the feature
shape and size to control cell-cell, cell-ECM, and cell-soluble factors
interaction [169-174]. Apart from etching, the other employed fabri-
cation methods of microfluidic devices include molding, lithography,
and 3D printing [Box 2] [175,176]. Microfluidic systems are often made
using the soft lithography technique [Glossary] which utilizes an opti-
cally clear polymer known as PDMS which has become a staple for the
field of microfluidics because of its ease in the fabrication process as well
as for its material attributes such as biocompatibility, cost-effectiveness,
elasticity as well as gas permeability. Furthermore, its non-toxic char-
acteristics make PDMS ideal for biological applications, and its optically
transparent property makes it feasible for real-time analysis [177]. Be-
sides PDMS, rigid thermoplastic polymers such as polycarbonate and
cyclic olefin copolymer have been also widely used [168].

Microfluidics are rapidly expanding technologies that allow precise
control over the cellular, physical, and biochemical environment,
striking a unique balance between in vivo and other in vitro models. In
this regard, microfluidic models have gained significant prominence as
an essential tool in cancer modeling research which includes studying
metastatic cascades [178,179], tumor-stroma interactions [180,181],
cancer extravasation [182,183], cancer migration, modeling
cancer-immune interactions [165] and personalized cancer therapy
[184]. The evolution of multichannel microfluidic platforms has facili-
tated the study of complex biological events within defined spatial en-
vironments [175]. One key aspect of microfluidics in cancer modeling
and bioengineering is the ability to recreate TME, which comprises of
cancer cells and various stromal cells such as fibroblasts, immune cells,
as well as ECs in an appropriate 3D matrix in a spatial compartment,
allowing us to study their interactions and impact on tumor growth,
invasion, and response to therapies [175]. Apart from this, it also allows
studying other fundamental biological processes within the TME. For
instance, hypoxia, a common characteristic of tumors, is a known driver
of migration and invasion [185]. In this regard, a study by Grist et al.
utilized a droplet-based microfluidic system to generate breast cancer
spheroids with spatiotemporal oxygen controls. Two-photon microscopy
showed that spheroids in different oxygenated regimes (normoxia,
hypoxia) have varying swelling dynamics. Furthermore, spheroid
monitored using sectional microscopy showed the correlation between
cyclic hypoxia and penetration of anti-cancer drugs [186]. The inte-
gration of multiple 3D culture systems, such as the ‘organoid-on-chip’
technology, has also demonstrated enormous potential in cancer
research. These advanced platforms combine the benefits of 3D orga-
noids with the microfluidic capabilities of chips, enabling precise con-
trol over the culture conditions and facilitating dynamic interactions
within the TME [187]. By incorporating vascular networks, immune cell
infiltration, and the ability to mimic physiological fluid flow,
organoid-on-chip systems offer a more realistic representation of tumor
behavior and response to therapies [188]. This approach holds great
promise for accelerating drug discovery, personalized medicine, and our
overall understanding of cancer biology. In the recent years, micro-
fluidic platforms have been also used for several immunotherapeutic
applications, such as improving immune checkpoint blockade therapies,
understanding immune cell dynamics and the process of immune
evasion, and evaluating the cytotoxic potential of engineered immune
cells. Also, cancer immunotherapeutic gene targets such as PD-L/PD-L1
[189], CXCR2 CD71 [190], and EpCAM [191] have been studied to
identify potential biomarkers in various types of cancer using micro-
fluidic platforms, which is a promising approach for gene-based therapy
development.

A critical perspective on utilization of microfluidic models to reca-
pitulate the complex multicellular interactions is still emerging and will
be discussed in the coming sections. In this section, we will delve into the
application of microfluidic platforms in exploring the interactions be-
tween cancer cells and the stroma and the interactions between cancer
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Box 2
Microfabrication technique for microfluidics and bioprinting

Microfabrication techniques play a crucial role in the fabrication of microfluidic devices, which are used for precise manipulation of fluids at the
microscale. Common microfabrication techniques combine the use of soft lithography, where elastomeric materials like PDMS are molded to
create microfluidic channels, and photolithography, which uses light-sensitive materials and masks to create patterns on substrates [259].
Recent research has advanced to create more complex multicellular channels within microfluidic platforms to study multicellular interaction
withing the TME in a reductionist and controlled manner and to understand the role of cellular/noncellular components role on tumor pro-
gression. Apart from soft and photolithography, laser micromachining, 3D printing, Electron beam lithography allows for high-resolution
fabrication of intricate features. These techniques enable the creation of microfluidic devices with precise geometries and functional compo-
nents, facilitating various applications.

One of the prominent microfabrication techniques utilized for 3D bioprinting is called extrusion-based bioprinting. In extrusion-based bio-
printing, a bioink containing living cells and a supportive biomaterial is extruded through a nozzle or needle to create a 3D structure layer by
layer. The bioink can be composed of hydrogels, such as alginate, collagen I, or gelatin, which provide a scaffold for cell growth and tissue
formation. The extrusion process is controlled by a computer-aided design (CAD) model, allowing precise deposition of the bioink to create
complex tissue-like structures [241]. Other techniques used in 3D bioprinting include inkjet bioprinting, which uses droplet ejection to deposit
cells and biomaterials, and laser-assisted bioprinting, which employs lasers to precisely position cells and biomaterials. These microfabrication
techniques enable creation of 3D biological constructs with defined spatial organization, mimicking the complexity of native tissues and organs
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for applications in tissue engineering and regenerative medicine.

cells and the immune system. Lastly, we will provide an in-depth review
of microfluidic platforms designed to simulate and understand the
complexities of multicellular interactions within TME.

3.3.1. Microfluidic models for tumor-stromal interactions

Having the advantage of including multiple cell types to analyze
specific interactions in appropriate spatial confinement, microfluidics
has gained much thrust in investigating tumor-stromal crosstalk. For
instance, cancer and EC interaction plays a vital role in tumorigenesis.
This interplay supports tumor growth characterized by leaky, chaotic,
and heterogeneous vessel networks [178]. Several microfluidic plat-
forms have focused on this cancer-EC interactions using hydrogel
matrices to better understand the metastatic cascade, which includes the
process of invasion, intravasation (entry of cancer cells into circulation),
and extravasation [192]. A study by Zhang et al. highlighted the process
of trans-endothelial invasion of ACC (Salivary gland Adenoid Cystic
Carcinoma) tumor aggregates to the endothelial layer when induced
with CXCL12. Briefly, the design of the platform consisted of a main
channel that served as blood vessel cavity and the side channels
mimicking the perivascular ECM. Once the endothelial layer was
established on the surface of the side channels, tumor aggregates were
injected into the main channels with different concentrations of
CXCL12. The absence of CXCL12 prevented tumor aggregates from
invading into the blood vessels [193]. Lee et al. reported similar studies
to study cancer intravasation that allowed lung fibroblasts to stimulate
EC to become differentiated microvessels, followed by cancer cell
(MDA-MB-231) introduction to study cancer-endothelial interaction. By
treating the microvessels with TNF-a prior to introduction of cancer
aggregates, it was evident that cancer cells invaded three times more
than without TNF-a [194]. Nagaraju et al. studied the tumor-vascular
crosstalk in breast cancer using a three-layer organotypic microfluidic
platform that incorporated tumor-stroma-vasculature, layer by layer
separated by microposts that permitted interconnectivity between
channels, while maintaining spatial confinement along with flanking
media channel (Fig. 7A (i)). It was apparent that the invasion of
MBA-MB-231 breast tumor cells was pronounced in the presence of ECs;
the tumor cells intravasated the endothelial layer on Day 6 (Fig. 7A (ii &
iii)). The vascular networks were thinner with higher permeability in the
presence of MDA-MB-231 cells [195]. In another study which utilized
the same platform as [195], Truong et al. established a 3D microfluidic
model to study glioma invasion influenced by microvascular networks
using a patient-derived xenograft model. A significant invasion of Gli-
oma Stem Cells (GSCs) was observed in the presence of microvascular

17

networks. In this study, the authors assessed the influence of three me-
dium compositions (NSC, NSC+, and EGM-2 media) on tumor invasion.
It was evident that in EGM-2 media, the GSCs invasion was more pro-
nounced regardless of the presence of HUVECs, suggesting that the cy-
tokines in EGM-2 media could shield the influence of HUVECs. However,
a significant difference was observed between the mono-culture and
co-culture groups in NSC and NSC + media, signifying the role of
HUVECs in GSC invasion. The authors hypothesized that
CXCR4-CXCL12 might play a significant role in the migration of glioma
cells; using AMD3100 to inhibit the CXCR4 pathway, it was evident that
there was a decreasing trend in the invasion distance of glioma cells with
increasing concentration of AMD3100 in the presence of HUVECs [196].

The role of fibroblasts has significant implications for cancer pro-
gression, contributing to tumor growth and angiogenesis. As one of the
predominant cell types in TME, they are associated with all stages of
cancer, which are investigated using engineered microfluidic platforms.
For instance, Truong et al. developed a two-layer tumor-stroma orga-
notypic microfluidic platform that enabled the spatial organization of
tumor and stromal entities to study breast cancer invasion using
SUM159 cells - a Triple Negative Breast Cancer cell line (Fig. 7B (i)). The
complexity of the model was further increased by incorporating patient-
derived CAFs. The invasion of SUM159 cells was significantly higher in
the presence of CAFs compared to normal fibroblasts. Further molecular
analysis revealed that glycoprotein nonmetastatic b (GPNMB) knock-
down, inhibited the potential of CAFs in regulating the invasiveness of
examining the CAFs in the CRC spheroid model to investigate multi-
cellular interaction within the TME in a microfluidic platform using an
appropriate 3D matrix by Jeong et al. The platform contained four units
comprising seven cell/media loading channels. In co-culture with fi-
broblasts, the fibroblasts acquired an elongated morphology with
increased expression of fibroblast activation marker a-SMA. In addition,
the migration ability of fibroblast towards the tumor channel was pro-
nounced in co-culture conditions [199]. Lugo-Cintron et al. established a
microfluidic device to mimic the interaction between breast cancer cells
and normal fibroblasts/CAFs (Fig. 7C (i-ii)). The device consisted of
lumens filled with a mixture of breast cancer cells encapsulated in
collagen I, surrounded by a collagen I matrix containing fibroblasts. In
this study, it was observed that the migration of MDA-MB-231 cells was
considerably enhanced when cocultured with CAFs compared to normal
fibroblasts. However, in fibronectin-rich collagen I, there was an
increased migration of cancer cells in the presence of normal fibroblast,
indicating the tumor-promoting capabilities of the fibronectin matrix
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Fig. 7. Microfluidic Models to Study Tumor-Stromal Interactions A) Microfluidic model to study vascular-tumor crosstalk (i) Depiction of the three-layered
model to study tumor-vascular crosstalk (ii) Quantification of the invading cancer cells in presence/absence of HUVECs (iii) Fluorescent images of cancer cells
(red) intravasation into the vascular network on day 6 in presence or absence of HUVECs. Adapted from Nagaraju et al. with permission from Wiley Online Library
[Advanced Healthcare Materials], Copyright (2018) [195]. B) Microfluidic model to study fibroblast-tumor interaction (i) Diagrammatic illustration of microfluidic
platform with distinct tumor and stromal entities to study CAF-Cancer interactions. (ii) Migration of SUM159 in the presence of CAF/normal fibroblast. Adapted from
Truong et al. with permission from American Association for Cancer Research [Cancer Research], Copyright (2019) [198]. C) Microfluidic model to study fibroblast
and ECM influence of cancer progression (i) Representative image of the microfluidic co-culture model to recapitulate the TME. (ii) Fluorescent images of
MDA-MB-231 (green) with normal fibroblast (purple) and Cancer-Associated-Fibroblast (red) (iii) Presence of fibronectin rich matrix shows higher invasion of cancer
cells (right). Adapted from Lugo et al. with permission from MDPI [Cancers (Basel)], Copyrights (2020) [200]. D) Microfluidic model to study the influence of
fibroblast and interstitial flow on cancer progression (i) Schematic of the model to study the role of interstitial flow on cancer-CAF interaction (ii) Fluorescent images
of migrated fibroblasts in three different conditions: mono-culture, co-culture with cancer as well as mono-culture treated by conditioned media (CM) from cancer
(iii) Quantification of number of migrated fibroblasts cell which clearly depicts the direct influence of cancer cells significantly increase the migration of fibroblasts.
Adapted from Kim et al. with permission from Elsevier [Acta Biomaterialia], Copyright (2022) [201].

(Fig. 7C (iii)) [200]. In a recent study, Kim and his research group Specifically, PANC-1 cells (human pancreatic cancer cells) were

developed a microfluidic platform to generate a one-directional flow in co-cultured with PSCs. PSCs primarily comprise CAFs and are typically
the device to investigate if the soluble substance delivered by the found within the stroma of pancreatic ductal adenocarcinoma. The
interstitial flow from cancer cells could activate the fibroblasts. In the cancer cells were embedded in collagen I and placed in a central chan-
presence of interstitial flow, there was increased fibroblast migration in nel, while two adjacent channels contained collagen I-embedded PSCs.

the presence of NCI-H28 cells (Fig. 7D (i & iii)). Further, the migrating In the presence of PSCs, the cancer cells exhibited enhanced migration,
fibroblasts had enhanced expression of ®-SMA and ECM remodeling proliferation, EMT, and drug resistance [202].

proteins [201]. In a study by Lee et al. a microfluidic co-culture system Although many microfluidic models incorporate nonimmune com-
with multiple channels was utilized to investigate the impact of ponents to study the mechanisms of tumor progression, the crosstalk
pancreatic stellate cells (PSCs) on human pancreatic cancer cells. between the immune cells and its role in cancer would pave the way for a
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better understanding of dynamic TME. Therefore, the following section
will explain the complex interaction between immune components and
tumors in detail.

3.3.2. Microfluidic models for tumor-immune interactions

Modeling immune cell migration is crucial to understand the tumor-
immune dynamic interaction; combining microscopy with a micro-
fluidic model to visualize cell migration using time-lapse imaging can
provide insights into the dynamics of immune cells and open much scope
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in the field of immunotherapy [203]. This section will explore the
available microfluidic platforms employed to investigate the
tumor-immune crosstalk. It mainly focuses on evaluating how this dy-
namic interaction influences the migratory behavior of both cancer and
immune cells. Additionally it discusses the application of microfluidics
in testing current immunotherapeuties as well as in evaluating the
cytotoxic potential of immune cells towards cancer. However, as far as
our understanding goes, fewer microfluidic platforms are utilized for
studying the interactions between cancer and the immune system [204,

Fig. 8. Microfluidic Models to Study Tumor-Immune Interactions A) Model to evaluate tumor secreted factors on macrophage migration (i) Schematic of
microfluidic platform to study the Panc 1 — macrophage crosstalk with the incorporation of interstitial flow (ii) Confocal image to depict macrophages with/without
tumor cells in gel channel. Adapted from Lee et al. with permission from Oxford University Press [Integrative Biology] Copyright (2020) [206]. B) Microfluidic model
to study NK cell extravasation (i) Schematic of the organ-on-chip platform where HTLA-230 cells were incorporated into a 3D alginate scaffold and cultured alongside
a microcirculation of NK cells. (ii) NK cells (green) and NB cells (red) co-embedded in a 3D alginate scaffold to depict NK cell infiltration in tumor compartment
(static culture) (blue - DAPI). (iii) Confocal images of NB cells embedded in 3D alginate scaffolds and subjected to 4 h of dynamic flow revealing successful infiltration
of NK cells into the gel. Adapted from Marzagalli et al. with permission from Frontiers [Frontiers in Bioengineering and Biotechnologyl, Copyright, 2022 [209]. C)
Model to assess DC-Cancer interaction (i) Schematic of the microfluidic device to track DC-cancer cells dialogue that has immune and tumor spaces connected by
connecting chambers to understand the motion of migrating DCs (ii) 3D reconstructed image made from confocal images showing connecting-channels and
tumor-chambers. IFN-DCs (green) are observed actively migrating in three directions within the non-treated (NI) (top) and the drug-treated (RI) spaces (bottom).
However, they are more prevalent within the 3D tumor space containing drug treated cancer cells (red) (bottom). (iii) Fluorescence image displays IFN-DCs spanning
connecting-channels towards the RI space after phagocytizing SW620 cells (bottom). (iv) 3D representation depicts the engulfment of SW620 cells (red) by IFN-DC.
(v) Immunofluorescence of CXCL12 expression in Rl-treated SW620. Adapted from Parlato et al. with permission from Springer Nature [Scientific Reports],
Copyright (2017) [210].
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205]. Therefore, there is a pressing need to develop a 3D microfluidic
platform to understand the involvement of immune cells in tumor pro-
gression comprehensively. Such platforms would provide a reductionist
and controlled approach to evaluate the precise role of immune cells in
the TME.

Macrophages, being an abundant population in the TME, contribute
to 5-50 % of the tumor mass. To better understand the role of macro-
phages, Lee’s group focused on the co-culture of human blood
monocyte-derived macrophages with human pancreatic adenocarci-
noma to evaluate how interstitial flow and tumor-secreted factors that
affect macrophage migration and cancer progression (Fig. 8A (i)). It was
established that there was increased macrophage migration in the
presence of cancer cells or interstitial flow, but no significant difference
was observed when both factors were included. The secretion of cyto-
kines IL8 and CCL2 secreted by tumor cells enhances the migration of
macrophages. The migration was inhibited by blocking antibodies for
IL8 and CCL2 and restored by interstitial flow, indicating cytokine-
independent migration induction [206]. Hebert et al. discovered that
when macrophages and MDA-MB-231 cells were co-cultured in a 3D
microfluidic chip, macrophages were found to enhance the migration of
MDA-MB-231 cells by releasing TNF-a and TGF-p1 via NF-kB dependent
MMP1 expression [207]. A similar observation was made in the case of
ovarian tumor cells co-cultured with neutrophils in a microfluidic de-
vice, where neutrophils facilitated the invasion of ovarian tumor cells by
producing neutrophil extracellular traps [208]. Current promising
immunotherapy target utilizes NK cells for their capability to cause
cytotoxicity in cancer cells. Marzagalli et al. utilized a humanized and
immunocompetent organ-on-chip technology designed to mimic the
behavior of NK cells in a 3D alginate-based neuroblastoma tumor model.
Briefly the design has two compartments, where the tumor cells are
separated from the fluid flow compartment using a porous membrane,
where the devices are connected to a pumping system capable of
generating fluid flow, that closely mimics the microcirculation of NK
cells within TME (Fig. 8B (i)). The researchers observed a significant
increase in NK cell extravasation in the presence of tumor cells. (Fig. 8B
recovered from the alginate hydrogel, it was evident that infiltrated NK
cells had reduced CD16™ NK cells, where CD16™" NK cells represent the
NK cell population that have high cytotoxic potential. Overall, the
multi-organ-on-chip system provided a novel and promising tool for
studying the complex behavior of NK cells within the context of tumor
infiltration and cytotoxicity in a more physiologically relevant setting
[209]. Parlato et al. conducted another study to assess how dendritic
cells (DCs) migrate within a 3D tumor environment in response to
anti-cancer treatment. The researchers utilized a device featuring five
parallel channels. The middle channel was loaded with human
monocyte-derived DCs. The two adjoining channels contained human
CRC cells encapsulated in a collagen I matrix connected by micro-
channels. The tumor channels were supported by two additional chan-
nels that supplied nutrients and facilitated gas exchange (Fig. 8C (i)).
The CRC cells were treated with a synergis blend of epigenetic drugs -
histone deacetylase inhibitor romidepsin (R) and immune-modulator
cytokine IFN-a (I), which is known to induce immune-mediated cancer
cell death. Results from time-lapse analysis revealed that compared to
the control group, the treatment enhanced DC migration through the
activation of CXCR-4/CXCL12 axis (Fig. 8C (ii-iv)) [210].

Microfluidic platforms are also used as a preclinical tool for testing
immunotherapeutic strategies. For instance, Patient-derived organo-
typic tumor spheroids (PDOTS), which harbors autologous tumor-
infiltrating PD-1 blockade-sensitive immune cells, were cultured
within the central gel region of a 3D microfluidic chamber. This gel
region was physically separated from the side channels that were
perfused with medium and antibodies by a series of posts. Through live
imaging analysis, researchers were able to observe and track fluo-
rescently labeled immune and cancer cells within the PDOTS. They also
assessed the cell viability in the presence of anti-CTLA-4 and/or anti-PD-
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1 antibodies. This experimental setup provided the advantage of eval-
uating the dynamic responses to immune checkpoint inhibitors, allow-
ing for a better understanding of the effectiveness of these treatments
[211]. Pavesi et al. utilized a platform that contained a central gel
channel with cancer cells embedded in collagen I connected to two
adjacent media channels by trapezoidal spacing posts to investigate the
efficacy of T cell receptor-engineered-T cells (TCRe-T Cell) in combating
HCC. The HCC cells were confined within a microenvironment
embodied by hypoxia and inflammation. One of the media channels was
filled with TCRe-T cells labeled with fluorescent dye. Through live-cell
imaging, the researchers assessed the migration of TCRe-T cells into
the 3D hydrogel matrix and their ability to eliminate tumor cells in the
presence of inflammatory cytokines and elevated oxygen levels. More-
over, this device proved beneficial in demonstrating that TCRe-T cells
maintained their cytotoxic potential even in the presence of immuno-
suppressive drugs, to better predict the success of immunotherapy in
specific scenarios, such as organ transplant patients [212]. With
research advancements, microfluidic models to study the bidirectional
crosstalk between immune components and other stromal components
are gaining much interest to identify novel mechanisms that could have
better physiological mimicry and develop effective therapeutics. The
following section will, in detail, discuss the microfluidic platform inte-
grating complex multicellular interactions within the TME.

3.3.3. Microfluidic models for complex TME interactions

Recent research has been centered on incorporating more intricate
TME models, including 3D models that contain innate/adaptive immune
cells with other stromal cells to add more complexity as well as to un-
derstand the synergistic crosstalk between various cell types in tumor
progression. Immune components such as TAMs, T cells, and NK cells are
recruited from the bloodstream through chemokine/cytokine gradient
[213], which can be precisely modeled using microfluidic platforms by
controlling the fluid flow in these miniature devices. Also, incorporating
vascularized networks to mimic in vivo physiological systems to study
the immune cell recruitment to primary or metastatic sites via trans--
endothelial migration can be feasible through microfluidic platforms.
Luuk de Haan et al. studied trans-endothelial migration of T cells in both
healthy and diseased states. Briefly, the propsoed microfluidic model
comprised of perfusable blood vessels that allowed to study the
extravasation and migration of T cells into 3D ECM. By co-culturing
melanoma cancer cells with ECs, it was evident that the vascular
permeability was increased with increased T cell migration towards the
tumor cells. However, in the absence of cancer cells, the migration of T
cells extravasating the endothelium was low [214]. Zervasantonakis
et al. recreated the tumor vasculature and investigated the role of im-
mune modulation on the process of intravasation across the endothe-
lium. The device consisted of two independent microchannels that were
seeded with tumor cells on one side and ECs on the other side. They were
interconnected by a central hydrogel region, creating the
tumor-vascular interface. To assess the influence of macrophages on
cancer cell intravasation, macrophages were added to the central
hydrogel channel. It was observed that there was significantly higher
number of intravasating cancer cells in the presence of macrophages. To
test whether macrophage induced permeability increases the intra-
vasation of cancer cells across the endothelium, the ECs were treated
with TNF-a (a vital cytokine secreted by macrophages). It was found that
the permeability of vascular network as well the number of intravasating
cancer cells were pronounced with TNF-a treatment. Furthermore, in
presence of macrophages, alongside neutralizing TNF-a with an anti-
body, reduced the leakiness of the endothelium, suggesting that TNF-a
signaling by macrophages is vital for maintaining barrier function
[215]. Song et al. engineered an intricate in vitro vascularized model to
mimic the TME. The platform had three parallel microchannels where
the central channel was loaded with HUVECs, fibroblasts, and CRC cells.
The side channels were populated with HUVECs. Following the estab-
lishment of the vascular networks, NK cells were loaded into the vessel
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via the side channel. The study yielded intriguing results, indicating that
NK cells exhibited notable cytotoxicity against CRC cells within this
simulated tumor vasculature framework [216]. Studies also investigated
the role of more than two stromal cells with immune cells in a single
platform. For instance, Liu et al. used a microfluidic platform to mimic
the bladder cancer microenvironment, with four cell types that include
bladder cancer cells along with fibroblasts, ECs and macrophages that
permitted culturing in four intersecting cell culture chambers, which
allowed for paracrine interactions along with the ability to assess cell
motility in the TME. In addition, each chamber was separated by a
barrier of Matrigel® that facilitated cell interaction through the ex-
change of biochemical factors as well as metabolites. Consequently,
macrophages displayed migratory behavior directed towards cancer
cells, mirroring the process of macrophage recruitment into the TME.
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This platform also allowed testing neo-adjuvant chemotherapy, laying a
foundation for individual therapy [217]. Aung et al. developed a
tumor-on-chip platform to study the heterogeneous mix of cells (i.e.,
cancer cells, ECs, monocytes, T cells) and noncellular components to
study the role of TME in examining the infiltration of T cells. It was
established that the presence of monocytes along with cancer cells in the
form of spheroids/dispersed cells and a hypoxic environment increased
the recruitment of T cells into the TME [218]. Lee et al. conducted a
study to assess engineered T cells (i.e., TCRe-T cells) to discern hepatitis
B antigen-expressing hepatocellular carcinoma cells (HBV-HCCs) using
a 3D TME model. Within this setup, the central gel channel was loaded
with human monocytes and HBV-HCC aggregates encapsulated in a
collagen I matrix with an adjacent fluidic channel to load TCRe-T cells.
The presence of monocytes substantially reduced the cytotoxicity of

Fig. 9. Microfluidic Models to Study Complex TME Interactions A) Vascularized model to assess immune cell infiltration (i) Design of the vascularized
microfluidic tumor model (ii) Fluorescence image depicting the vascularized lung cancer model. (iii) Growth patterns of HUVECs (RFP expressing) vary depending
on the flow directions. (iv) Delivery of THP1 cells to the tumor spheroid via the microvessels on the vascularized tumor chip, leading to the conspicuous presence of
numerous THP1 cells (blue) in close proximity to the tumor spheroid (green). Adapted from Kim et al. with permission from Wiley Online Library, [Advanced
Healthcare Materials], Copyright (2022) [221]. B) Microfluidic model to assess NK Cell exhaustion (i) Schematic representing the tumor-on-a-chip system. The
interior lumen is coated with HUVECsS to create surrogate blood vessels (ii) The influence of an anti-PD-L1 antibody and IDO-1 inhibitor was assessed using TOC (Live
cells: green and Dead Cells: Red). (iii) Recovered NK Cells, continued to display numerous changes in gene expression (top). Fluorescent image to depict majority of
the apoptotic cells were MCF7 cancer cells (bottom) (iv) Quantification of apoptotic MCF7 cells which indicates majority of the apoptotic cells are in the proximal
area of the devices. Adapted from Ayuso et al. with permission from American Association for the Advancement of Science [Scientific Reports], Copyright (2021)
[223]. C) Recapitulating complex GBM vascular niche using microfluidics (i) Schematic of three layered GBM-perivascular niche microfluidic chip. (ii) Positive
immunostaining for Nestin, CD44, and SOX2 markers was observed in GB3-RFP cells. (iii) Through clustering of scRNA-seq profiles and analysis of cell-specific
marker genes, distinct clusters were identified for ECs, astrocytes, and GB3-RFP cells in mono-culture and triculture. Adapted from Adhei et al. with permission
from Wiley VCH GmbH [Advanced Sciences], Copyright (2022) [225].
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TCRe-T cells. However, this reduction was reversed when
anti-PD-L1/PD-1 antibodies were administered. Overall, it is suggested
that this microfluidic models can be a reliable pre-clinical testing plat-
form for evaluating the efficacy of TCRe-T cell therapy [219].

Another study employed a microfluidic device to investigate angio-
genesis in liquid tumors, explicitly focusing on leukemia. The micro-
fluidic 3D angiogenesis chip offered a practical approach to enhance and
observe the initial stages of angiogenesis triggered by leukemic cells and
bone marrow stromal cells. Briefly, leukemic cells and HUVECs were
introduced into two parallel microchannels, separated by an acellular
channel filled with collagen I gel. When the microchannel designated for
leukemic cells was kept acellular, only a small number of ECs invaded
the collagen I matrix that separated the two channels. However, in the
presence of leukemic cells and bone fibroblasts, the ECs exhibited in-
vasion into the collagen I matrix, forming sprouts and new blood vessels.
This study also evaluated quantitative assessments of angiogenic factors
released by mono-cultures and cocultures of leukemic cells with fibro-
blasts derived bone marrow that revealed a synergistic interplay among
ECs, leukemic cells, and fibroblasts [220]. Kim et al. developed an
alternative model of vascularized tumor-on-a-chip, where they placed
ECs and fibroblasts in adjacent prepatterned channels. To simulate the
high pressure of interstitial fluid similar to tumors, they introduced
interstitial flow in a direction that facilitated the transfer of molecules
secreted by fibroblasts towards the EC channel after which the lung
spheroids (A549 cells) were introduced on Day 4 (Fig. 9A (i) & (ii)). This
arrangement promoted the formation of new blood vessels towards the
fibroblast channel along with tumor spheroids through angiogenic
sprouting. Further transport of immune cells through the
tumor-associated blood vessels was investigated using THP1 cells, in the
vascularized tumor model there was increased immune cells around the
proximity of tumor spheroids (Fig. 9A (iii)) [221]. Mollica et al. con-
ducted a study to investigate the infiltration of T cells into the TME of
pancreatic cancer. They employed a microfluidic model comprising
separate channels for Panc-1 cells, PSCs, and HUVECs. The model suc-
cessfully replicated the increased permeability of blood vessels in the
presence of T cells. Furthermore, the activated T cells (stimulated
through CD3/CD28) exhibited enhanced infiltration toward the
pancreatic ductal adenocarcinoma (PDAC) compartment. Through
cytokine analysis, the researchers observed that the co-culture of
pancreatic cancer cells and stellate cells led to stronger activation of T
cells, indicated by higher levels of IL-2 and IFN-y as measured by a
multiplex immunoassay. The study also claimed that activated T cells
displayed increased cytotoxicity compared to non-activated T cells in
the presence of HUVECs and Panc-1 cells, as evidenced by the upregu-
lation of genes associated with cytotoxicity (granzyme B, perforin, and
Fas). Interestingly, in the tri-culture group involving PSCs, lower levels
of these genes were observed, indicating that PSCs dampened the in-
flammatory response and supported tumor growth [222].

To evaluate the influence of TME stress on NK cell function, a tumor-
on-chip model was utilized where breast cancer cells (MCF7) and NK
cells were coembedded in a 3D matrix. The other end of the micro-
chamber contained lumen with HUVEGCs (Fig. 9B (i)). Through the
presence of lumen in one end of the platform, the researchers were able
to mimic 3 distinct zones of the solid tumor namely 1) Proximal 2)
Central and 3) Distal end. It was found that most of the apoptotic cancer
cells were within the proximal end in comparison to the distal end,
meaning that the cytotoxic potential of NK cells in distal end is dimin-
ished. This clearly indicated the role of TME stress on NK cell exhaustion
(Fig. 9B (iii-iv)). The research group also tested anti PD-L1 and IDO-1
inhibitor in the device, however live cells were found in the distal end
(Fig. 9B (ii)). The study showed that prolonged exposure of NK cells to
high levels of tumor stress led to their exhaustion, characterized by
decreased NK cell cytotoxicity and cytokine production [223]. Wima-
lachandra et al. co-cultured ECs and ovarian cancer cells with the main
objective to explore the potential of chemokine-functionalized nano-
particles in the process of recruitment of T cells and DCs to the site of the
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tumor. Their experimental configuration consisted of a microfluidic
platform with a central channel with ovarian cancer cells embedded in
fibrin. The two flanking parallel channels were seeded with ECs. These
channels were linked through 37 interpost regions. By employing image
analysis techniques, the researchers observed that the nanoparticles
loaded in the vascular channels effectively traversed the endothelial
barrier and accumulated at the interface between the tumor and endo-
thelium, reaching the tumor site. This orchestrated chemokine regulated
migration of DCs and T cells from the vascular channel towards the
ovarian cancer cells was pronounced potentially showcasing the anti-
tumor response against the tumor [224]. In another study by Adjei et al.,
the complexity of the model was increased by incorporating astrocytes,
an important stromal component in gliomas; the tri-culture platform
with GSCs + ECs + Astrocytes significantly increased the invasion dis-
tance of cancer cells with a change in its morphology (Fig. 9C (i) & (ii)).
Using sc-RNAseq, 15 ligand-receptors that were upregulated were
identified, and it was found that the Serum Amyloid A (SAA1) ligand
protein led to the significant chemotactic invasion of GSCs (Fig. 9C (iii))
[225]. In another study, Muhammad R. Haque et al. developed a tumor
microarray device to study the TME of pancreatic ductal adenocarci-
noma using patient-derived cells (PCCs). They incorporated pancreatic
stellate cells and U937 monocytes. In the presence of stromal cells, the
PCCs grew significantly faster. In addition, macrophages showed rela-
tively increased pro-tumorigenic (M2 phenotype) marker expression in
co-culture conditions [226]. A study by Hu et al. developed vascularized
tumor-spheroid-on-a-chip to mimic TME and to find the role of Prolyl
hydroxylases (PHD) inhibitors known as DMOG (Dimethylallyl glycine)
role in enhancing the anticancer drug i.e., paclitaxel activity. Briefly, the
device consists of 5 parallel channels to assemble fibroblast, HUVECs
and human esophageal carcinoma (Eca-109) cells. Based on their studies
from assessing the vessel size, permeability it was established that the
presence of DMOG increased the delivery of drug to the tumor spheroids
with increased effectiveness for paclitaxel as well as cisplatin in killing
cancer cells [227]. In a very recent study by Geyer et al., the authors
established a microfluidic-based PDAC organoid system to study the role
of PSCs in pancreatic cancer under both hypoxic and normoxic condi-
tions. Under hypoxia and normoxic conditions, both mono-culture and
co-culture of pancreatic organoids with PSCs were exposed to gemcita-
bine in conjunction with other chemotherapeutic drugs. The findings
provide substantial evidence that hypoxia serves as a distinct molecular
programs in PDAC organoids that affect the responses to different classes
of drugs [228]. To end, the investigation of complex spatial multicellular
cancer interactions in microfluidics has provided invaluable insights and
remarkable prospects within the realm of cancer research, thus driving
further groundbreaking discoveries.

By leveraging microscale platforms, researchers have gained a
deeper understanding of the intricate interplay between cancer cells,
their surrounding microenvironment, and therapeutic agents. However,
there are drawbacks that limit the overall implementation and impact of
microfluidics in this domain. Scalability, particularly concerning
downstream analysis necessitating specific cell volumes or quantities,
poses a challenge that may be demanding with microfluidic systems.
Moreover, the technology demands specialized expertise, requiring
trained personnel proficient in both microfabrication techniques and
biological research. Additionally, the lack of proper validation of the
model in comparison to in vivo TME remains elusive [229,230]. As
exploration of spatial multicellular cancer interactions in microfluidics
continues to evolve, we anticipate its continued contribution to ad-
vancements in cancer diagnostics, treatment optimization, and ulti-
mately, improved patient outcomes.

3.4. 3D printed models
3D bioprinting, a technological breakthrough, entails the precise and

regulated deposition of bioinks, including tissue spheroids, cell pellets,
ECM components, and cell-laden hydrogels. These bioinks are
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strategically deposited in a layer-by-layer fashion, following a
computer-generated design. This design process results in the creation of
3D structures with intricate and functional counterparts, which have
gained significant progress over the past few decades. Currently, natural
biomaterials such as alginate, gelatin, collagen I as well as hyaluronic
acid are widely used in bioprinting [231-233]. Also, combination of
synthetic and natural polymers such as gelatin methacryloyl are also
used to print robust scaffolds. To produce stable physiological scaffolds,
crosslinking is a crucial factor to stabilize as well as strengthen the
printed constructs. Two modes of crosslinking include chemical (en-
zymes, tannic acid, or calcium ions) and physical crosslinking (ultravi-
olet treatment) [234].

The primary modalities used in bioprinting include extrusion-based
bioprinting (EBB), laser-based bioprinting (LBB), and droplet-based
bioprinting (DBB) [235,236]. EBB, one of the most common methods
of fabrication, involves using robotic or pneumatic-driven forces to
dispense bioinks, and its main idea is to replace the ink as liquid/melt
through the nozzle and solidify. It’s printing accuracy and feasibility
depend on the printing material chosen [237]. Some of the critical pa-
rameters to optimize would be the printing speed, diameter of the
nozzle, mechanical force or dispensing pressure, and distance from the
printhead [238]. DBB, also known as ‘inkjet bioprinting,” is a
non-contact printing method that relies on the precise deposition of
droplets through mechanical actuation methods like thermal,
solenoid-based, or piezoelectric mechanisms. The viscosity of the ink
and the surface tension are the essential properties of the ink that must
be considered. The motive force of this bioprinting modality highly lies
in the spatial resolution, that is, proper placement of the droplets. Some
notable advantages encompass high printing speed, fine resolution, and
the ability to create intricate patterns as well as complex and hetero-
geneous structures. LBB is a technique that involves depositing bioinks
in a predetermined pattern defined by the path of a laser. Briefly, a laser
beam is focused onto a layer of bioink coated on a target surface. The
laser energy is absorbed by bioink which locally increases the temper-
ature and forms vapor bubbles. This rapid bubble expansion and
collapse generate droplets on the target surface, allowing precise
printing. One advantage of this modality is having high-resolution
printing and allowing multiple cell types or bioinks to be printed
simultaneously, thereby creating more complex structures. Some aspects
affecting printability include laser fluence, substrate humidity, sample
viscosity, and surface density.

Bioprinting can also be classified based on scaffold-free and scaffold-
based approaches. In scaffold-free approaches, the bioink, i.e., the cell
pellets, are printed on the sacrificial mold that is later sacrificed once the
tissue matures and deposits its own ECM. In a scaffold-based approach,
the bioink is encapsulated in a hydrogel. This method relies on the
degradation kinetics of the material as well as the cell-hydrogel inter-
action to guide tissue growth [235,239-241]. In the recent past, 3D
printing has shown great promises in cancer research, especially in
tumor modeling, drug testing, personalized medicine, and metastatic
research. One advantage of bioprinting to reconstitute TME is control-
ling the spatial distribution of matrix properties. For instance, the me-
chanical properties of ECM, including matrix stiffness, significantly
influence cancer cells’ metastatic behavior, which can be integrated into
the 3D-printed tumor model [242]. The spatial arrangement of
biochemical factors can also be modulated to replicate the characteris-
tics of the native TME within bioprinted models. Bioprinting has been
utilized to create blood vessels and vascularized tissues, employing the
scaffold-based or scaffold-free methodology.

3.4.1. 3D printing models for tumor-stromal interactions

In recent years, brain tumor physiology has been mimicked using 3D
printed tumor on chip. A model of GBM was fabricated by Lee et al. using
the extrusion-based bioprinting method. GSCs derived from patients
were used for the study, along with HUVECs. Gelatin was used as the
sacrificial material, where a 3D collagen I matrix with different laminin
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concentrations was used to create a vascular channel. GSCs were
injected either during the printing process/or once the vascular channel
was established. In collagen I with a higher concentration of laminin,
higher invasion, and proliferation of GSCs was observed [243].

Yi et al. recapitulated the cancer stroma of GBM on a silicon-based
3D-printed chip. The chip had two concentric circles: an inner core
with patient-specific cancer cells encapsulated in porcine decellularized
brain matrix and an outer core with ECs in GelMA hydrogel that closely
mimicked the in vivo hypoxic tumors. The model also proved that GBM-
on-a-chip reproduces clinically observed patient-specific resistance to
treatments with chemoradiation and temozolomide [244]. Chaji et al.
studied the role of pre-differentiated adipose-derived mesenchymal
stem cells in breast cancer using a low-cost extrusion printer with
various alginate/gelatin composites. A bioink with 3:2.5 % alginate and
gelatin was determined to mimic the breast TME. The authors chose
DMEM-complete medium for 3D bioprinted cell-laden hydrogels after a
preliminary screening of culture media. Direct printing resulted in
morphological changes with most of the cells migrating towards the
center of the construct. Overall, this study reported the reconstruction of
multicellular breast cancer TME using a 3D printing technique with
optimal media composition for maintaining the viability of various cell
types [245]. Tang et al. developed a tri-regional GBM model with
varying stiffness in different regions representing GBM stroma, diseased
or healthy brain tissue, and brain capillaries using patient-derived GBM
cells and hyaluronic acid derivatives through the process of digital light
processing-based bioprinting. Two varied ECM stiffness with a constant
HA concentration were assessed: (i) Glycidyl Methacrylate Hayaluronic
Acid (stiff) (ii) GelMA (soft) bioinks. The stiff culture increased the
expression of genes associated with mesenchymal subtypes that is often
linked to poorest treatment outcomes. The inclusion of HUVECs within
the stiff model gave rise to extensions resembling blood vessels that
closely interacted with SOX2+ TS576 cells. Moreover, these ECs trig-
gered varying drug responses within the GBM model [246]. To study
patient derived CRC-CAF interaction, Chen et al. utilized acoustic bio-
printing strategy to assess the role of CAFs in cancer invasion and
migration. A model with cancerous microtissues surrounded by fibro-
blast was constructed in GelMA to mimic the in vivo TME. On day 2, CAFs
stretched the microtissues outwards, treatment with 5-fluorouracil
(5-FU), showed tendency of not much invasion. By analyzing the inva-
sive potential of fibroblasts along with protein expression, it was
established that the model mimicked the key features reported in clin-
ical data based on immunohistochemistry, magnetic resonance imaging,
and H&E staining [247]. To model early stages of migration of cancer
cells from the primary site to the secondary site, the study by Cui et al.
used a stereolithographic 3D printing technique. The complex dissemi-
nation process was simplified into a single 3D vascularized tissue
construct made from biocompatible photo-crosslinkable ink. 3D printed
tissue structure had three distinct regions namely bone, endothelial, and
tumor region. To recapitulate the bone micro vascularized microenvi-
ronment, mineralized bone scaffold containing 10 % GelMA, 10 %
polyethylene glycol diacrylate (PEGDA) and hydroxyapatite (major
bone mineral) was used. 10 % GelMA and 10 % PEGDA ink was used for
establishing the tumor region containing two distinct breast cancer cells
(MDA-MB 231 and MCF-7). Finally using pure GelMA the vascular re-
gion was printed. Through IF staining it was shown that highly meta-
static MDA-231 cells successfully colonized into the bone region through
trans-endothelial migration after 2 weeks of culture [248].

3.4.2. 3D printed models for tumor-immune interactions

A study conducted by Heinrich et al. investigated the interaction
between glioma-associated macrophages and GBM cells utilizing a mini
3D-printed brain model. Using a two-step printing strategy this study
evaluated the cellular crosstalk based on paracrine and juxtracrine
signaling. In the paracrine model, where GBM cells GL261 and macro-
phages RAW264.7 cells were printed separately and cultured together
(Fig. 10A (i)). On the other hand, in the juxtracrine model, both cell



K. Ravi et al. Biomaterials 305 (2024) 122428

Fig. 10. 3D printed Models A) 3D printed mini-brain GBM model (i) Schematic representation of the two-step 3D printing process. The larger brain encapsulating
macrophages (RAW264.7) with a cavity are printed followed by the filling of GBM cells (GL261) into the cavity (left). Glioma cells within the 3D printed model are
highlighted in red alongside the cross-sectional image (right). (ii) SEM and F-actin verification of attachment of RAW264.7 (left) and GL261 (right) on to the bioink
matrix in comparison to conventional well plate. Adapted from Heinrich et al. with permission from Wiley [Advanced Materials] Copyright (2019) [249]. B)
Immunotherapy model to access T cell dynamics (i) Schematic representation of the 3D printed adoptive cell transfer model with spatially organized tumor spheroid
(green) surrounded by CAR-T cells (red). (ii) 3D rendered image of adoptive cell transfer model. (iii) Maximum intensity projection images for monitoring the
migration pattern of T cells from the printed ring. Adapted with permission from Elsevier [Bioprinting], Copyright (2022) [252]. C) Dynamic flow based multi-scale
vascularized breast tumor model. (i) Confocal images of breast tumor spheroids (green) printed at three different locations [(i) proximal, (ii) proximal-distal, and (iii)
distal location] from the central (red) perfusable vasculature. Images obtained after 6 days of perfusion exhibit tumor angiogenesis. (ii) Immunofluorescent images of
CAR-T cells (labeled with cell tracker violet) showing the infiltration into the 3D printed spheroids at 24 h and 72 h time points. Adapted from Dey et al. with
permission from AFM [Advanced Functional Materials], Copyright (2022) [253]. D) 3D GBM TME model (i) Illustrative diagram depicting the multi-stage process of
the 3D bioprinting model. (ii) Confocal microscopy tiled Z-stack images showcasing the 3D-printed vascularized GBM model with a penta-culture composition. The
blood vessels are enveloped by pericytes labeled with iRFP (cyan) and accompanied by HUVECs labeled with mCherry (red). Surrounding this arrangement are
PD-GB4 cells labeled with azurite (blue), while hAstro cells labeled with GFP (green) and nonlabelled hMG (left), and images obtained through fluorescence mi-
croscopy depict the 3D-bioprinted vascularized GBM model, captured both prior (upper section) and subsequent (lower section) to the infusion of 70-kDa
dextran-FITC (right image) Adapted from Neufeld et al. with permission from American Association for the Advancement of Science [Science Advances] Copy-
right (2021) [254].

types were printed together to enable direct cell-cell interactions. higher upregulation of macrophage-specific markers (Nos 2, IL10) in the
Assessment of the paracrine model showed increased expression of juxtacrine model than in the paracrine model. Findings from this study
genes involved in macrophage recruitment (CCL2) and matrix remod- showed a resemblance of the proposed model to the in vivo system to a
eling (i.e., MMP9, MMP8). Furthermore, through scanning electron great extent [249].

microscopy and immunofluroscent staining, the attachment of The efficacy of CAR-T cells in treating solid tumors is still challenging
RAW264.7 and GL261was verified (Fig. 10A (ii)). Next, evaluation of mainly due to the limitation of 3D model that can better recapitulate the
direct cellular interactions through transcriptomic analysis showed 3D microenvironmental aspect. L1 is an adhesion molecule that is
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strongly expressed by tumor cells. L1 targeting CAR-T cells are in clinical
trials for neuroblastoma studies [250]. In those efforts, a large-scale
neuroblastoma bioprinted model was employed for testing the CAR-T
performance in targeting the L1 adhesion molecule. The final 3D ar-
chitecture was a 4 mm diameter and 500 pm deep disc that was printed
using a stereolithographic bioprinter. Uniform distribution of cells
within the 3D structure was achieved through layer-by-layer printing of
GelMA scaffold and reported the extended viability of the cells within
the model during long-term culture. Using two-photon and confocal
microscopic techniques, the infiltration of CAR-T cells within the
co-culture model was demonstrated. Functional evaluation of CAR-T
cells using flow cytometry showed more activation of T-cell (positive
for CD25 and CD137) in 3D printed neuroblastoma model as compared
to the 2D model. This study showed the potential applicability of these
engineered models as a preselection tool for assessing CAR-T cells effi-
cacy as compared to simplified 2D models [251].

In adoptive immunotherapies, tumor-reactive T cells are activated in
vitro and introduced back into the host system. Though this is a prom-
ising technique, the efficacy of this treatment remains unresolved. Using
a spatiotemporal model that allows precise control over cell type orga-
nization, 3D printed adoptive immunotherapy model of glioma cancer
was proposed. The architecture of the proposed study contains tumor
spheroid surrounded by 2 mm T cell ring (Fig. 10B (i)). Confocal time-
lapse imaging analysis showed migration of T cells to the spheroid re-
gion and using non-tumor specific T cells (control group) it further
confirmed the influence of tumor factors on T-cell migration (Fig. 10B
(ii)). Furthermore, transcriptomic analysis of cells from the platform
revealed the influence of crosstalk between cancer and stromal cells on
immune cell migration. Thus, the reported work provided a spatiotem-
poral model that allowed real time assessment of T cell dynamics in a
complex microenvironment [252].

3.4.3. 3D printed models for complex TME interactions

Though in the previous section 3D printed models are used for
immunotherapeutic studies, those models evaluated the effect without a
proper vascular network. In an attempt to model CAR-T interactions in a
physiological environment, a recent study reported the development of
3D flow-based 3D-vascularized breast tumor model. Vascularized tissue
construct was formed in 7 sequential steps as shown in (Fig. 10C (i)).
Using aspiration-assisted bioprinting. Heterotypic tumor spheroids
containing MDA-MB-231 breast cancer cells and human dermal fibro-
blast were bioprinted at proximal or distal locations from the main
perfusable vasculature. 3D printed spheroids at varying locations from
the vasculature showed optimal sprout formation and endothelial bar-
rier expression (Fig. 10C (ii)). Intriguingly, tumors located at proximal
distance showed longer vessels and it was attributed that direct diffusion
from the main vasculature influenced the growth of the tumor angio-
genesis. The established platform was validated for use in drug studies
by evaluating the efficacy of chemotherapeutic and immunotherapeutic
agents. For the chemotherapeutic evaluation, doxorubicin was perfused
through the main vasculature at concentrations ranging from 0 to 100
pm and these studies were conducted in spheroids located at proximal
distance from the vasculature. Under perfusion condition, this study
observed dose dependent reduction of the tumor volume. Similarly,
CAR-T cells that are specific to HER2 receptor were used for immuno-
therapeutic screening. Visualization of CAR-T migration into the tumor
spheroid showed increased infiltration of CAR-T HER2 as compared to
CAR-T CD19 cells. This clearly highlights antigen specific activation of
CAR-T cells in cytotoxic effects. Overall, this study set a framework for
developing more physiologically relevant TME models [253].

Neufeld et al. developed a sophisticated model of GBM with a bioink
made of fibrin (Fig. 10D (i)), which contained GBM cells obtained from
patients, along with human astrocytes, human microglia, and HUVECs
with human pericytes. The vascular network within the construct was
created by sacrificial printing, and then HUVECs and human microvas-
cular brain pericytes were added to line the vessels (Fig. 10D (ii)). The
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PD-GB cells proliferated and invaded higher in co-culture with human
astrocytes. By comparing the transcriptional profiles of cells cultured in
2D, 3D-printed, and murine in vivo models, the group found striking
similarities in gene expression between cells cultured in the 3D bio-
printed system and in vivo murine model [254].

In another study, Lesile group devised a GBM model using a modified
scaffold made of alginate, collagen I, and hyaluronic acid. This scaffold
was printed using a multi-nozzle extrusion printer. This study aimed to
study the influence of stromal population on tumor cell signaling and its
impact on glioma treatment outcomes. To achieve a complex TME of
GBM using the co-printing technique, GBM cells alongside fibroblasts
and macrophages were encapsulated within the modified alginate bio-
ink. Firstly, through immunofluorescent staining for viability and neural
stem markers the authors showed that bioprinting did not affect the
viability of the embedded cells and the cells were able to maintain their
stem properties in the modified scaffold. Next, the effect of stromal and
immune cells on drug sensitivity was studied. Intriguingly, the response
of the model to commonly used GBM drugs (temozolomide) in the
presence or absence of macrophages showed not much of a difference in
their viability. These findings clearly suggested the need to incorporate
relevant stromal cellular components for better screening. Lastly, using
fluorescent protein kinase receptors signaling at single cell level, it was
observed that stromal cells are involved in cell signaling activation
which was evident with more fluorescent activation of cells in 3D con-
ditions [255]. Overall, this 3D printed strategy outlined in this study act
as a valuable tool for drug screening as well as to understand the dy-
namic influence of TME.

The advent of 3D bioprinting in cancer research, facilitating precise
deposition of bioinks to create intricate and functional 3D structures, has
led to significant advancements in this area. However, this innovative
technology is not without challenges. The complexity and cost associ-
ated with fabrication and maintenance, demanding specialized expertise
in both biological and engineering domains, could limit accessibility.
Additionally, there are challenges related to the limited availability of
suitable printing materials, impacting the diversity of constructs that
can be produced depending on the type of 3D printer. Addressing these
limitations is pivotal for harnessing the full potential of 3D bioprinting
in cancer research, and enhancing its utility in tumor modeling, drug
testing, personalized medicine, and metastatic studies [256].

4. Conclusion and future perspectives

Developing effective treatment strategies for cancer requires a deep
understanding of the complex interactions between cancer cells and the
surrounding stromal and immune components. Research over the past
decade has highlighted the critical importance of TME interactions in
cancer progression, metastasis, and drug resistance. The goal is to gain a
deep understanding of these crosstalk at the molecular level, in order to
reverse the tumor-supporting effects of the TME.

Models that replicate the TME, including blood vessels and immune
cells, are best portrayed in vivo. However, these models are expensive,
time consuming and can raise ethical concerns. In addition, animal
models have different physiology than humans and it is challenging to
dissect the specific role of stromal or immune components on disease
progression. The reemergence of 3D-engineered ex vivo tumor models
are rapidly improving and gaining momentum in replicating the TME
landscape. Incorporating patient-derived cells into 3D models enhances
physiological relevance but may entail higher costs and clinical co-
ordinations, however the translational relevance is higher when
compared to animal models. Engineered models, from spheroids and
organoids to more complex tumor-on-a-chip and 3D bioprinted models,
have enabled mimicking the tumor microstructure with high precision
and controllability. The current ability to model cancer ex vivo has
reached unprecedented heights, providing valuable insights into the
molecular and cellular pathways associated with tumor malignancy. The
use of 3D models are more advantageous in comparison to humanized
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animal models (animals that are genetically modified or treated to
incorporate human cells, tissues or genes) in terms of scalability, cost,
and ethical considerations. The controlled and reproducible nature of 3D
cultures enables high throughput screening of drugs which might be a
demanding process using humanized animal models.

Despite the notable advancements, a realm of unanswered questions
and challenges persist in the field of 3D-engineered cancer models.
Foremost among these challenges is the imperative need to sustain the
viability and functionality of various cell types within the 3D-engineered
constructs. Continuous perfusion of tailored media, enriched with
essential growth factors, emerges as a key strategy to mitigate this
challenge. Alternatively, nanocarrier-mediated growth factor release
offers another avenue to improve the cellular viability.

The immune system, with its inordinate complexity and various
cellular components, presents a frontier of exploration. While 3D in vitro
models have provided a versatile platform for manipulating primary
cells and advancing tumor immunology research, there exists a sub-
stantial scope for enhancing clinical translational research. A significant
challenge in immunological inquiry revolves around comprehending the
impact of lymphatic drainage of immune cells originating from TME and
its consequential effect on antigen presentation. Specifically, the
mechanisms underlying the migration and antigen presentation of DCs
in the lymph node remain inadequately elucidated. By harnessing bio-
fabrication techniques, it is possible to integrate multiple model sys-
tems, offering a precise understanding of antigen presentation in the
lymph node. Such integrated studies hold great potential to augment our
fundamental understanding of how the immune system surveys our
body in normal and pathological conditions. This nuanced understand-
ing of intricate interplay between immune cells, lymphatic drainage,
and antigen presentation is poised to contribute significantly to the
development of more effective immunotherapeutic strategies.

A secondary imperative lies in the standardization of these ex vivo
models, critical for transistioning the engineered models from bench
side to clinical application. Presently, the reliance of many microfluidic
models on PDMS raises concerns related to drug adsorption. Over-
coming this challenge necessitates the rapid prototyping of novel ma-
terials that are less prone to drug and protein adsorption. Furthermore,
concentrated efforts must be made to process the large voluminous data
generated by these engineered models, emphasizing the integration of
imaging and computational modeling to gain meaningful insights.
Finally, it is worth exploring the possibility of combining spatial RNA-
seq with 3D-engineered models to gain better understanding of the
TME influences on cancer progression. Obtaining information on the
polarized state of different cells in proximal and distal locations within
the developed model can provide valuable insight into cellular crosstalk.
Moreover, this spatial information can help us direct TME microenvi-
ronmental components for better tumor therapies.

In summary, this review highlighted the impressive progress that has
been made in developing bioengineered ex vivo TME models for
advanced cancer research. Despite facing several challenges in accu-
rately reflecting patients’ physiology, the past few decades have seen
significant breakthroughs in this area. As the scientific community
continues to advance research in this avenue, we are steadily
approaching a point where we can create highly sophisticated models
that replicate the human body with exceptional accuracy. These systems
will be instrumental in conducting fundamental cancer biology and drug
responsiveness research in a highly effective manner.
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Glossary.

Extracellular matrix (ECM)- The ECM is a 3D network of structural
proteins along with adhesive proteins and glycoproteins, glycosamino-
glycans, as well as growth factors that provides structural support to
tissues. It surrounds cells, and the basement membrane, a specialized
ECM layer separating epithelial cells from the stroma.

Hot tumor - Hot tumors are rich in antitumor cells and respond well
to immunotherapy which are characterized by increased immune cell
infiltration especially CD8+ T cells with high levels of immune activity.

Cold tumor - Cold tumors lack T cells infiltration and are charac-
terized “non-inflamed”. They are limited by immune cell infiltration,
low levels of immune activity, and poor response to immunotherapies,
often resulting in a lack of effective antitumor immune response.

Immune Checkpoint Inhibitor — A type of immunotherapy that
aims at targeting the immune checkpoints such as PD-1, CTLA-4, which
are the key regulators of immune system that helps keeping the immune
responses in check.

Chimeric Antigen Receptor (CAR) - CAR is a synthetic receptor
engineered to combine an extracellular antigen recognition domain,
typically derived from an antibody, with intracellular T-cell signaling
domains, enabling T cells to specifically recognize and target cancer
cells expressing the corresponding antigen, thereby enhancing the anti-
tumor immune response.

Cytotoxic T Lymphocyte - Known as CD8+ T cells, are a subset of T
lymphocytes that recognize and eliminate target cells displaying specific
antigens through the release of cytotoxic granules.

Infiltrating T Lymphocytes - Infiltrating T lymphocytes are T cells
that migrate into and accumulate within tissues, such as tumors, where
they play a role in immune surveillance and response against abnormal
cells.

Antigen Presenting Cells (APCs) - APCs, in general, are defined as
the cells that can uptake, process, and present various antigens,
including but not limited to tumor antigens to the naive T cells.

Desmoplasia- Growth of connective fibrous tissue due to increased
proliferation of SMA-positive fibroblast. Desmoplasia is a common
pathological characteristic of breast and pancreatic cancer.

Adipogenesis — Process of differentiation of pre-adipocytes into
adipocytes.

Superhydrophobic surfaces- Surfaces that are extremely difficult to
wet.

Air Liquid Interface - Organoid generation technique where tumor
and/or immune-stromal cells are encapsulated in a collagen I matrix
inside a trans well chamber and media from outside diffuses inside the
gel. The top of the culture system is exposed to air.

Submerged Culture - Another method for organoid generation
where tumor cells are mixed with ECM to form dome like structures and
submerged inside culture media. Culture media typically contains
exogenous immune-stromal cell types.
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Tertiary Lymphoid Structures — TLS are ectopic lymphoid forma-
tion found in non-lymphatic tissues.

Photolithography- A microfabrication technique that utilizes ul-
traviolet light to transfer patterns from mask onto a photosensitive
substrate which undergoes chemical changes when exposed to light,
allowing the pattern to be etched or deposited onto the substrate,
enabling the precise fabrication of micro- and nano-scale structures.

Soft lithography- A method of replicating structures using elasto-
meric materials such as PDMS to create patterns or structures.

3D bioprinting - 3D bioprinting is a subset of additive
manufacturing that involves the layer-by-layer fabrication of living 3D
structures using viable cells and biomaterials.
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