
3D Pancreatic Cancer Models
Subjects: Oncology

Contributor: Riccardo Rizzo, Bruno Sainz Jr., Loretta L. del Mercato, Donatella Delle Cave, Enza Lonardo

Pancreatic cancer is an extremely lethal malignancy with a survival rate lower than any other cancer type. For decades,

two-dimensional (2D) cultures have been the cornerstone for studying cancer cell biology and drug testing, due to their

simplicity and cost. However, their inability to reconstitute the tumor architecture, the absence of nutrient and oxygen

supply gradients, as well as the lack of appropriate mechano-forces that mimic the extracellular microenvironment, make

them an inadequate model to accurately reproduce tissue level-specific characteristics. Bioengineering systems, such as

three-dimensional (3D) patient-specific models, are progressively emerging as systems better able to mimic the biology of

pancreatic tumors and to test new anticancer therapies, as they more efficiently recapitulate the complex tumor

microenvironment characteristic of pancreatic tumors.
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1. Introduction

Pancreatic cancer (PC) is a devastating and essentially incurable disease, leading to patient death in the majority of cases

. Incidence and mortality are increasing steadily, and PC is predicted to become the second leading cause of cancer-

related death by 2030 . According to the Italian Association of Medical Oncology (AIOM), in 2019, approximately 13,500

new PC cases were diagnosed in Italy . These dramatic numbers are due largely to late diagnosis, lack of effective

therapies, and a poor understanding of PC biology. Thus, PC has become a world healthcare priority, and studies focused

on novel in vitro models to investigate tumor progression and develop more effective treatments are urgently needed. One

reason for the lack of success for the majority of drugs used to treat PC patients is their inappropriate purposing and

associated toxicity. At the preclinical stage, two-dimensional (2D) cultures have been a milestone in the study of cancer

biology, since they represent a useful platform for analyzing genetic and molecular alterations and a cost-effective system

for drug screening . However, they are an inherently and extremely simplified model that fail to precisely reflect the

human tumor microenvironment (TME) and its molecular components , which can inevitably lead to non-translatable

results . Those aspects are crucial for the study of PC, characterized by an abundant desmoplastic core, which

accounts for up to 90% of the total tumor volume, and by an intricate cross-talk among tumor and stromal cell, both of

which are critical aspects for cancer progression . The TME is a very complex ecosystem in which several cellular

(such as pancreatic stellate cells (PSCs), cancer-associated fibroblasts (CAFs), and immune cells) and non-cellular

components (such as cytokines, immunoregulatory molecules, and extracellular matrix (ECM) components) are involved,

contributing to the development of a hypoxic and “cold” immunosuppressive tumor, resistant to chemotherapy, targeted

therapy, and immunotherapy . While the number of drugs targeting the TME is progressively increasing, there is an

urgent demand for more biologically and physiologically relevant in vitro preclinical models that can accurately mimic the

TME that exists in patient tumors. The limitations of 2D models have been, in part, overcome by the use of genetically

engineered mouse models (GEMMs), which recreate the most frequent genetic alterations associated with pancreatic

cancer progression and provide a more physiological microenvironment for drug testing and genetic research .

However, in vivo studies are expensive, time-consuming, and ethically not suitable for drug screening and, most

important, the results obtained have limited relevance in humans . The opportunity of reproducing the TME in vitro by

growing tumor cells in three-dimensional (3D) matrixes or scaffolds has opened new horizons in the field of drug testing.

These 3D in vitro tumor models have been shown to be superior to 2D models, allowing for multiple cell populations to

interact and mimicking the complexity and the biomechanical properties of tumors as well as tumor heterogeneity, and

allowing for treatment responses similar to those seen in patients diagnosed with PC .

2. 3D In Vitro Models

3D in vitro systems are advantageous predictive tools, which may accelerate translating basic research into personalized

medicine by providing more physiological information on cellular responses to different stimuli .
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2.1. Spheroid

Spheroids are the simplest 3D model, which can be generated by the hanging drop technique, consisting of embedding

cells in different matrices (such as collagen, methylcellulose, gelatin, and alginate hydrogels), or by growing single-cell

suspensions in ultra-low attachment plates, in order to minimize the adhesion to plastic supports and to optimize cell–cell

and cell–matrix interactions . Spheroids can arise from self-assembling cells or via cellular aggregation and constitute

an easy and highly reproducible 3D model . Recently, Cavo and colleagues developed a new method to generate

spheroids from the pancreatic ductal adenocarcinoma (PDAC) cell line (i.e., MiaPaCa2) with the hanging drop technique.

They used a methylcellulose-enriched media and hydrophobic substrates to generate well-organized pancreatic spheroids

with increased mesenchymal and cancer stem cell features . This method appears to be efficient for the long-term

generation of spheroids, even from those cell lines that hardly give rise to 3D structures due to low cohesiveness (Figure

1a). By comparing 2D cultures with 3D spheroids generated by different techniques (e.g., ultra-low adhesion concave

microwells, Matrigel inclusion, and organotypic systems), Zeeberg and colleagues found differences in cell growth,

morphology, and in the response to different stimuli. They concluded that the organotypic culture, generated by plating

cells on the top of a matrix gel, more closely recapitulated the tissue architecture of PC .

Figure 1. Three-dimensional (3D) in vitro models of pancreatic cancer. (a) MiaPaCa-2 spheroid growth using different

methods. Scale bars = 1000 μm (adapted from ). (b) Schematic representation of the patient-derived organoid (PDO)-

derived system. (1) Generation of PDO and patient-derived xenograft (PDX) models from cryopreserved xenografts of

patients with pancreatic ductal adenocarcinoma (PDAC). Screening of Food and Drug Administration (FDA)-approved

drugs (2) and validation in organoid cultures (3). Selection of effective drugs for small-scale drug screenings and

validation in the PDXs (4) (adapted from ).

2.2. Patient-Derived Organoids (PDOs)

PDOs are 3D structures established from freshly isolated primary cells, which retain the ability of self-renewal and self-

organization in an organ-like structure that recapitulates the tissue of origin. A pioneer study in establishing pancreatic

organoids from both normal and freshly isolated human tumor biopsies was performed by Boj et al. . The authors

optimized the standard culture condition protocols for generating organoids able to recapitulate disease-specific

alterations, enabling them to recreate in vitro the different stages of tumor progression. Specifically, single-cell

suspensions are embedded in a Matrigel or collagen matrix and supplemented with a media containing a well-defined

combination of tissue-specific growth factors . PDOs can be genetically engineered in vitro by CRISPR-Cas9

(Clustered Regularly Interspaced Short Palindromic Repeats) technology to specifically edit tumor-driving genes, and can

be xenografted in immunodeficient mice for in vivo studies .

The potential of pancreatic PDOs has also been recently exploited for the development of a PDO-based gene expression

signature  and for the establishment of PDO biobanks . PDOs represent a powerful model to recapitulate tumor

histology and for personalized drug screening. Intriguingly, Seino and colleagues identified three functional PDO subtypes

in PDAC on the basis of differences in stem cell niche factor dependency. By engineering them with clustered regularly

interspaced short palindromic repeats (CRISPR)-Cas9 technology, they found that exogenous WNT is required to support

the initial stages of tumorigenesis but it is dispensable in the late stage of tumor progression . Pancreatic PDOs have

also been shown to be as effective at determining drug efficacy compared to more labor-intensive and cost-prohibitive in

vivo patient-derived xenograft (PDX) models. For example, Frappart et al. published a small-scale drug screening PDO

platform that was successfully validated in an in vivo xenograft trial, highlighting the clinical utility of PDOs for validating

and discovering new treatments for PC  (Figure 1b). Moreover, Nelson et al. used different multidisciplinary

approaches, which included confocal microscopy and transcription profiling analysis, to compare PDX organoids with

isogenetically matched 2D primary cell lines from PDAC tumors and primary cell line organoids (CLOs) . Interestingly,

they developed an in vitro method to generate CLOs, which very closely recapitulated the main features of organoids

generated from PDXs, thus overcoming the limitations associated with xenografts. Along these lines, PDO drug screening
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platforms have recently been improved by the development of automated organoid-based platforms that take advantage

of microfluidic systems for the simultaneous and time-controlled test of thousands of compounds, enabling real-time

genetic and phenotypic analysis of PDOs, serving as a step forward in personalized therapy .

3. Reconstitution of Tumor Cell Heterogeneity and Complexity in 3D In
Vitro Models

PC is characterized by a dense desmoplastic reaction defined by different cellular components, such as immune cells,

fibroblasts, endothelial cells, and PSCs, dispersed in an organized extracellular matrix enriched in collagens, hyaluronic

acid, and laminins . The TME is therefore conditioned by distinct environmental factors, i.e., cytokines, growth

factors, as well as a specific biochemical profile, which mediate cellular communication and are crucial in influencing

cancer progression . Reconstituting the tumor complexity by using 3D models requires taking into consideration the

specific interactions between matrix components and the different cellular types present in the tumor in order to recreate

in vitro the specific environmental conditions that distinguish each tumor. Attempts to recreate such a complex

environment is also one of the ways to master in vitro tumor modeling.

4. Investigating Cell–Cell Interactions in In Vitro 3D Models

4.1. 3D Bioprinting

The use of scaffolds to generate 3D models has opened the way for innovative techniques such as 3D bioprinting. Cell

printing combines scaffolds and different cell types to create a complex model with precise structure and high

reproducibility . Bioprinting facilitates a controlled spatial and temporal distribution of cells . A 3D bioprinted tumor

model can be generated by different techniques: inkjet printing, extrusion-based printing (EBP), laser-assisted bioprinting

(LAB), and stereolithography . 3D bioprinting has recently been used by Langer et al. to form multicellular structures

consisting first of a PDAC cell core surrounded by primary human PSCs and umbilical vein endothelial cells (HUVECs).

The authors demonstrated that multi-cell-type bioprinted tissues can recapitulate aspects of the in vivo tumor and provide

a tunable system for the examination of several tumorigenic endpoints in the distinct tumor microenvironments .

Hakobyan et al. established a spheroid-based array using 3D bioprinting technology capable of reproducing the different

stages of PDAC development in order to improve the understanding of PC tumor biology. This model allowed them to

induce in vitro acinar to ductal cell transdifferentiation, a crucial process in PDAC progression .

Nevertheless, one of the major limitations of these 3D models is the lack of vasculature, which not only provides a supply

of oxygen and nutrients but is essential for cancer metastasis. To overcome this limitation, microfluidics has emerged as a

cutting-edge technology for combining the cellular reproducibility of PDOs with the flow control of a tumor-on-a-chip

platform .

4.2. Organ-on-A-Chip

Although it is clear that tumors are heterogeneous mixtures of cells and ECM components, the extent to which different

cell types influence cell–cell interactions as well as the paracrine signaling that is generated during therapy remains poorly

understood. Nowadays, numerous microscopy-based imaging techniques are available to analyze cell morphology and

cell–cell interactions within in vitro tumor models, including confocal microscopy, two-photon microscopy, and light sheet

fluorescence microscopy . One of the main advantages of using microscopy-based imaging approaches is the

ability to observe spatial relations among different cell types with high temporal resolution under physiological conditions

. In this scenario, in vitro PDAC-on-a-chip provides powerful platforms to study the microenvironment of PDAC since

these devices allow imaging of cell–cell interactions, such as tumor–endothelial and tumor–immune cell interactions, as

well as cell morphological changes, by applying different types of fluorescence microscopy techniques . In

a recent work by Hye-ran Moon et al., a microfluidic pancreatic tumor model was developed, recapitulating the

heterogeneous driver mutations of human PCs by using PDAC cells derived from genetically engineered mouse models

(KPC with Kras and Trp53 mutations, and KIC with Kras mutation and Cdkn2a deletion) in order to mimic the intra-tumoral

heterogeneity (Figure 2a) . The model was successfully used to study interaction mechanisms between heterogeneous

cancer cell subpopulations exposed to anti-cancer drugs and associated drug resistance. By means of fluorescence

microscopy, the authors observed significant morphological changes in the epithelial phenotype KIC (eKIC) cells co-

cultured with the mesenchymal phenotype KIC (mKIC) cells at the level of enhanced gemcitabine resistance in the co-

culture models (Figure 2b), suggesting that interactions between these two cancer cell types induced multiple changes of

the eKIC cells including loss of epithelial characteristics, most likely causing increased resistance to gemcitabine. By

means of confocal immunofluorescence, the authors assessed the changes in E-cadherin (E-cad) expression and
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observed that when co-culturing cells, E-cad expression in eKIC was significantly reduced, implying that the interactions

between heterogeneous cancer cells may induce the phenotype transition of epithelial cancer cell types. In a different

approach, Nguyen and colleagues reported a new organotypic PDAC-on-a-chip model that mimics vascular invasion and

tumor–blood vessel interactions (Figure 2c–f) . The microfluidic device is composed of two hollow cylindrical channels

embedded within a 3D collagen matrix. One channel is seeded with endothelial cells to form a perfusable biomimetic

blood vessel, while the other channel is seeded with PC cells to form a pancreatic cancer duct. To study the interactions of

PDAC cells with the blood vessels, the authors performed a screening experiment wherein different chemotactic agents

were introduced into the biomimetic blood vessel and found that a gradient of fetal bovine serum most efficiently

stimulated the invasion of PC cells into the collagen matrix. By means of confocal microscopy, the authors were able to

record the ablation of blood vessel by cancer cells—notably, they observed that once in contact with the biomimetic blood

vessel, the PDAC cells wrapped around the blood vessel and spread along the length of the blood vessel before invading

into the vessel itself, leaving behind tumor-lined and tumor-filled luminal structures (Figure 2c-f). The infiltration of

immunosuppressive cells is critical in the generation and maintenance of an immunosuppressive environment in PDAC,

thus contributing to the failure of current available therapeutic approaches. In this regard, cell–cell interaction studies have

revealed an important interplay between tumor-associated macrophages and regulatory T cells (Tregs). By using light

sheet fluorescent microscopy, Siret C. et al. were able to show a direct interaction between myeloid-derived suppressor

cells (MDSCs) and Tregs cells in a 3D PDAC tumor context . These findings were also corroborated by the use of the

transwell system, which demonstrated that cell-to-cell interactions are required for Treg cell proliferation and development

induced by MDSCs. However, Treg cells were also shown to modulate proliferation and survival of MDSCs. Remarkably,

by coupling imaging approaches and functional assays, the authors were able to show that physical interactions between

cells contribute to the establishment of an immunosuppressive environment in PDAC.

Figure 2. Direct imaging of cell–cell interactions in 3D in vitro models of PC. (a) Schematic illustration of the functional

model of the in vitro intra-tumoral heterogeneous features composed by genetically engineered mouse model-driven cell

lines to capture different PDAC progression stages. (b) Representative fluorescent micrographs of co-cultured KPC2–

mKIC and eKIC–mKIC in control (Ctrl), 0.2 μM, and 20 μM gemcitabine treatment groups. Nuclei (blue) of each cell are

distinguished in green (KPC2 and eKIC) and red (mKIC). Abbreviations: iT-MOC (interstitial tumor-microenvironment-on-

a-chip), KIC genotypes (Kras mutation and Cdkn2a deletion), mKIC (mesenchymal phenotype KIC), murine pancreatic

cancer cell lines (KPC2, eKIC, and mKIC). (a,b) (adapted from ). (c) Schematic illustration of PDAC-on-a-chip with a

biomimetic blood vessel and a PC duct. One channel is seeded with endothelial cells to form a perfusable biomimetic

blood vessel, while the other channel is seeded with PC cells to form a tumor duct. FBS (fetal bovine serum). (d)

Representative confocal image of a section of the blood vessel (in red) invaded by YFP PD7591 PDAC cell (in green),

showing that part of the blood vessel is being ablated by cancer cells in the organotypic model. (e) YFP PD7591 cells (in

green) invading the biomimetic blood vessel (in red), migrating along the vessel and wrapping around the blood vessel. (f)
Cross-sectional image of the biomimetic blood vessel shown in (e). (c-e) (adapted from ).
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