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Pancreatic Ductal Adenocarcinoma (PDAC) is an expeditiously fatal malignancy with a five-year survival rate of 6—-8%.
Conventional chemotherapeutics fail in many cases due to inadequate primary response and rapidly developing
resistance. This treatment failure is particularly challenging in pancreatic cancer because of the high molecular
heterogeneity across tumors. Additionally, a rich fibro-inflammatory component within the tumor microenvironment (TME)
limits the delivery and effectiveness of anticancer drugs, further contributing to the lack of response or developing
resistance to conventional approaches in this cancer. Patient-derived three-dimensional (3D) organoid technology has
provided a unique opportunity to study patient-specific cancerous epithelium. Patient-derived organoids cultured with the
TME components can more accurately reflect the in vivo tumor environment. A number of in vitro models have been
developed to address the limitation of the lack of tumor extracellular matrix (ECM) in the conventional models of cancer
and drug screening platforms. In this regard, microfluidic chips are cutting-edge devices that process fluids in micro-sized
channels and allow the culture of multiple cell types within a matrix—so-called ‘organ-on-a-chip (OOC)’ technology. OOC
allows us to recapitulate 3D multicellular architecture and microengineering of TME with the potential to bridge the gaps
between bench and bedside by providing screening platforms for testing anticancer agents before reaching human clinical
trials.
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| 1. Organ-on-a-Chip (OOC) Technology in Cancer

Microfluidic chip devices are preferably fabricated on transparent surfaces such as glass or transparent polymer to make
them amenable for microscopic imaging 2, It is desirable for chip devices to be disposable. This makes the use of
polymers attractive because of their safe and eco-friendly characteristics B4l Polydimethylsiloxane (PDMS) has gained
widespread adoption in the fields of the microfluidic chip, tissue engineering, and cancer biology due to its biocompatibility
and ease of fabrication 28, PDMS is oxygen permeable, supporting the culture of cells involved in PDAC TME, thus
appropriate for cancer studies [SIZ1. A detailed technical review of the materials and design of microfluidic devices is out of
the scope of this article and can be found elsewhere [LIZI4IE]

In contrast to static cell culture systems in culture flasks and plates, a chip enables the modeling of in vivo physical
conditions by allowing a controlled flow of culture medium into the cell chambers. The flow rates can be tailored to mimic
the shear stress of the respective organ B9, Our ability to mimic such dynamic cues (i.e., mechanical forces, hypoxia,
and matrix stiffness) on a chip is crucial in modeling cellular events in cancer. For example, epithelial to mesenchymal
transition (EMT), a key event in cancer progression and invasion, responds to such dynamic forces in the tumor [XQ[11[12]
181, The phenotypic transition of the cancerous epithelium into mesenchymal faith enhances their pro-survival tone,
migratory capacity, and metastasis 1214l Dynamic laminar microfluidic platforms could show how flow-based shear
stress promotes EMT in cancer 22Il28] | yng tumoroids culture in such flow-based microfluidic chips express higher EMT
markers compared with tumoroids in static conditions 9. Thus, the maneuverable features of microfluidic platforms allow
us to evaluate the impact of physical stressors such as changes in the flow and shear stress on the mechanism of cancer
progression.

The culture of several cell types within such a dynamic system has made microfluidic chips a desirable in vitro platform
towards building more complex organ mimics RILAIEl ntegration of additional devices and biosensors in the platform has
further advanced its translational application for on-chip analysis. For instance, dielectrophoresis-type devices or dynamic-
ELISA on a chip allow the measurement of secreted proteins and molecules in real-time [ZL8IAN20121][22]  Together,
microfluidic devices incorporating multiple cell types in a physiologically relevant microenvironment with physical,
biochemical, and optical sensing capabilities could be instrumental in better modeling molecular and/or cellular
characterizations of cancer biology towards an individualized OOC platform for ex vivo drug testing in cancer 23, This is



important, as the TME, including vasculature, immune cells, and non-cellular components surrounding the cancerous
epithelium, play a major role in tumor growth and drug resistance 24, Here we will briefly list some of the crucial cellular
processes occurring in the TME that have been successfully recapitulated in microfluidic devices.

1.1. Interaction of Cancerous Epithelium with Cellular Components of Tumor Microenvironment

When modeling a specific tumor on a chip, a desired goal is to include cancer cells among the other major cell types
typically present in that TME [22. Compared to traditional well-plate inserts, microfluidic channels provide adequate spatial
organization and compartmentalization for culturing tumor spheroids and organoids with other cell types in vitro, where the
interaction of the individual’s primary cancer cells could be studied with other components of the TME [28. The co-culture
of 3D tumor spheroids with cancer-associated fibroblasts (CAFs) within hydrogel scaffold on-chip has shown to be useful
in studying cell—cell interactions ZZ. In this study, the growth of human colorectal carcinoma cell spheroids was increased
when co-cultured with fibroblasts. The co-culture enhanced fibroblast activation and migration, suggested bidirectional
crosstalk between the cancer cells and the fibroblasts in the TME. When metastatic breast cancer cells were cultured with
tumor-associated macrophages within a microfluidic channel, tumor-associated macrophages invaded areas containing
the cancer cells 28, In a pre-cancerous OOC model, co-culture of mammary epithelial cells with human mammary
fibroblasts promoted normal ductal carcinoma transition to an invasive phenotype 22,

1.2. Angiogenesis

Tumor growth and metastasis are dependent on the formation of new blood vessels for vascular support B9, Tumor
secreted factors help vascular network formation, distinct from normal vasculature due to structural abnormalities,
disorganized layout, increased leakiness, and aberrant osmotic forces [1[32]33](34]

The leaky tumor vasculature was shown to occur after co-culturing human ovarian cancer spheroid and endothelial cells
within a dense matrix on a chip B2, This platform predicted nanoparticle accumulation in the in vivo tumor model and
provided a powerful tool for evaluating nanopatrticle delivery to the tumor cells. Modeling a microvascular network on a 3D
microfluidic system recapitulated in vivo histologic and biochemical features of lung and brain cancers and provided a
versatile platform for testing the efficacy of anti-angiogenic drugs 887, Similar approaches in hematologic malignancies
were able to assess anti-angiogenic agents in individual patients 2839 More recently, in a breast OOC cancer model,
breast cancer-driven organoids loaded into a multi-chamber microfluidic chip supported the 3D growth of angiogenic blood
vessels towards the cancerous organoids 49, By showing a reduction in tumor growth with paclitaxel's vascular perfusion,
this model also confirmed the potential use of the organoid-based device in personalized drug response ex-vivo. Together,
these studies propose microfluidic chips as promising platforms for modeling angiogenesis in cancer and assessing
individual responses to anti-angiogenic agents.

1.3. Metastasis

Metastasis begins when cancer cells invade the basement membrane and migrate through the tumor matrix into
lymphatics or blood vessels to reach a remote site [HALE2ME3]  pifferent mechanical properties of each space, such as
confinement and stiffness, can affect this migration “4l45]46] The effect of confinement on cancer cell migration was
successfully shown using microfluidic devices. The incorporation of cancer cells into different channels of chip devices
showed that confinement alone, in the absence of any chemical gradient, can influence cancer migration 4. Exposing
cells to drugs that alter microtubule dynamics, such as Taxol, seemed to lower the migratory capability.

A large body of evidence exists to show the utility of chip devices in modeling metastasis via cell-cell interaction and
cellular signaling 8. Addition of chemokines (e.g., TNF-a) and immune cells (i.e., macrophages) to a chip device induced
vascular leakiness and intravasation of tumor cells to the endothelial layer as quantified by real-time visualization 42,
Similarly, a microfluidic device was successfully employed to model bone metastasis in breast cancer, where
extravasation of metastatic breast cancer cells to bone marrow-driven mesenchymal stem cells was observed B2,

Overall, these data and similar studies show the utility of microfluidic chips in modeling tumor cells within their
microenvironment for better studying tumor characteristics 5. Given the key involvement of the TME in tumor
progression and drug response in PDAC, chips seem to be a promising platform to build individualized OOCs for PDAC.
Next, we will review the challenges of modeling TME in PDAC and the promises of chip platforms.



| 2. 0OCs to Model TME in PDAC

The TME has an active role in tumor progression, immune evasion, and drug response in PDAC 3253l Non-cellular
components of TME of pancreas tumors are composed of ECM and dense fibrous tissue, regarded as “desmoplasia”
(Figure 1) B4, The dense ECM is mainly composed of matrix proteins such as collagen secreted by the cellular
components of TME such as fibroblasts and pancreatic stellate cells (PSCs) 23, PSCs can reduce cancer cell death upon
chemotherapy induction by releasing soluble factors or activating stemness signaling pathways in cancer cells 38,
Several other immune cell types are present in the TME, among which macrophages are the most abundant that gauge
both the innate and adaptive immune responses against the tumor B2, Similar to PSCs, macrophages in interaction with
cancer cells can shift towards a pro-tumorigenic phenotype, which leads to increased cancer cell stemness and growth
57 Macrophages are also crucial in rendering chemoresistance to conventional chemotherapeutics for PDAC [38.
Pancreatic epithelial ducts secrete alkali in the epical side and create an alkaline pH in the microenvironment to prevent
the breakdown of secreted pre-enzymes in the normal pancreas before reaching the small bowel lumen B2, In PDAC,
dysregulation of ion channel transporters (i.e., Ca?" and K* channels) and the tumor hypovascularization contribute to the
acidification of the microenvironment, which further promotes cancerous characteristics in the epithelium (e.g., selection of
EMT phenotypes) while shifting the stromal cells (i.e., PSC and macrophages) towards protumorigenic phenotypes B269,
While there are numerous other cell types in the TME (e.g., T cells, B cells, Dendritic cells), we focus on collagen-
producing cells and macrophages as two major components of the TME in PDAC. In the following sections, we highlight
the characteristics and plasticity of these cell types within the tumor area before discussing the opportunities provided by
OO0Cs to model TME in PDAC.
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Figure 1. A. The tumor microenvironment of PDAC is composed of interactions among different cell types. At an early
stage, interactions of transforming neoplastic ductal cells with pancreatic stellate cells, fibroblasts, and macrophages
result in initiating a fibroinflammatory process and subsequent involvement of an adaptive immune response, including
recruitment of T cells. As the tumor progresses, cancer cells invade the blood vessels and occupy the vessel lumen,
referred to as endothelial ablation. Endothelial ablation and a desmoplastic stroma, accompanied by a suppressive
immune environment, reduce drug delivery and chemoresistance at the site.

2.1. Macrophages and Fibroblasts in PDAC

Macrophages in the pancreatic tissue are immune cells that can arise from the embryonic precursors traced back to the
extraembryonic yolk or infiltrating monocytes from myeloid precursors in the bone marrow [BLIE2ESIE4ES6E] The tissue
macrophages can change their function (polarization) in response to surrounding signals. While macrophages were
traditionally classified into M1 and M2 subtypes, mounting evidence supports the presence of a wide phenotypic spectrum



between M1 with stronger killing properties to M2 that can contribute to a smoldering chronic inflammatory state in cancer
[66I[671[68II69[70] M1 macrophages, through the production of nitrogen and oxygen derivatives, possess anti-tumorigenic
ability by identifying and destroying cancer cells through phagocytosis €2,

In contrast, M2 macrophages can promote tumor growth via multiple mechanisms, as discussed in detail elsewhere [67]
[Z1. while M1 macrophages could be predominant in the TME during the early stages of cancer formation, the M2-type
phenotype becomes more abundant as the tumor progresses. In fact, tumor-associated macrophages are more similar to
M2-types and predict poor survival ZHZ2IZ8] Macrophage polarization or recruitment within the pancreas tissue occurs via
crosstalk with cancerous epithelium and other components of the TME. In line with the growing literature on the crosstalk
between macrophages and cancerous epithelium in PDAC, we also showed that early carcinogenesis signaling in the
pancreatic epithelium could shift macrophages towards M2-like cells and that polarized macrophages could further
promote cancer formation via induction of inflammatory signaling (4155,

The major source of matrix deposition in the TME is cancer-associated fibroblasts (CAFs) that can arise from the PSCs,
the resident mesenchymal cells in the pancreas ZSIZEIZ7 Cancer cells activate resident PSCs, which differentiate into
CAFs and secrete matrix proteins such as collagen, contributing to the dense ECM 2. Activated PSCs also secrete
factors to induce tumor growth, progression, and metastasis [Z3I731[78179],

While the dense ECM has been traditionally considered to help tumor progression, recent studies support a more complex
role for ECM'’s contribution to PDAC progression, which could be stage and context-dependent BUBL, However, at a late
stage, the ECM contributes to tumor chemoresistance via multiple mechanisms such as cancer cell sensitivity, drug
cytotoxicity, and reduced drug delivery [B2[8384 Tymor fibroblasts are associated with poor drug response and disease
survival partly by offsetting chemotherapy-induced apoptosis via soluble factors or activating stemness signaling
pathways in the cancer cells [B2IBSIETIESIEY  Similar to macrophages, pancreatic fibroblasts could be phenotypically plastic
and dynamic in response to the surrounding tumor stimuli QB4 Although continuous matrix deposition turns on the
signaling pathways to boost the malignant phenotype, more desmoplasia contributes to tumor progression and drug
resistance [2283134] \while the role of stroma in promoting resistance in drug response is well accepted, recent animal
studies show conflicting roles of stroma in tumor formation in PDAC. Protective effects of stroma were suggested by
increased tumor aggression upon stroma reduction in a mouse model where Sonic hedgehog (Shh), a soluble ligand that
drives the formation of desmoplastic stroma, was deleted (93],

2.2. TME on Chip Models of PDAC

A biomimetic ductal TME on a chip, where ductal pancreatic cancer epithelium cells were surrounded by collagen matrix
in the chip, recapitulated the histopathology of PDAC 8. The tumor heterogeneity was reconstituted using pancreatic
cancer cells from GEMM carrying KRAS, CDKN2A, and TP53 mutations, key driver mutations of human PDAC. This
model revealed the complex interactions between cancerous epithelial cells in PDAC, leading them to be more aggressive
and invasive [26],

PDAC is highly metastatic even at an early stage and escapes into the blood circulation [113,114]. In a biomimetic OOCs
based model of PDAC, endothelial ablation was seen where PDAC cells invaded the matrix toward the endothelial lumen,
wrapped around the blood vessel, spread along the length, and finally invaded the vessel and occupied the vessel lumen
[66]. This finding of endothelial ablation in the 3D organotypic model was further confirmed in the tumor-bearing mouse
models [66].

If we are able to mimic the active TME on multicellular OOCs, can we use these platforms to model PDAC drug response
in vitro? A humanized microfluidic device, where PSCs were cultured with PANC-1 cells, represented expected histologic
features of PDAC and showed the potential adjuvant therapeutic activity of anti-TME agents to conventional
chemotherapies 27, The data suggest that besides studying cytotoxicity, this model has the potential to determine the
effects of TME compactness and collagen reorganization on PDAC therapeutics 22, A similar drug response to Cisplatin
has been shown in a microfluidic chamber cultured with different PDAC cells in ECM-enriched environments (28],

Moving towards a patient-based ex vivo preclinical platform, work is in progress to use tissue-driven cells in OCC models
of cancer. In this regard, organoids have made it possible to test drugs on the individual’'s tumor cells in the lab. Next, we
will discuss how the integration of organotypic technologies in OOCs could allow us to model complex cellular
interactions, and the therapeutic activity of anticancer drugs, with the potential to design novel therapeutics at the
individual level.



| 3. Individualized PDAC Model on Chip

The variation in sensitivity to anticancer drugs among different patients highlights the requirement for more precise
treatment selection 2. We and others have shown that organoids retain a high degree of similarity to the original tissue,
including PDAC 4200, ppOs are proposed to provide an opportunity for a personalized in vitro platform to test drug
sensitivity in individual patients 19, In PDAC, organoid technology is instrumental in optimizing the use of sparse tissue
collected from clinically indicated endoscopic fine needle biopsies (FNBs) performed for tissue diagnosis. This
circumvents the particular challenges to precision medicine in PDAC, which stems from limited access to surgically-naive
specimens for pre-treatment screening (>80% of PDACs are unresectable) and rapid patient deterioration 292, While
organoids are superior to conventional cells for predicting drug response, they often show uncertain growth and
considerable heterogeneity and are challenging to manipulate using conventional in vitro techniques 22, Therefore,
culturing them in microfluidic OOC platforms that mimic 3D tissue architecture and better facilitate nutrient and gas
exchange could be more faithful in modeling the disease %31, Work is in progress to make the organoid-based models
more complex to simulate in vivo tissue structures [204[205],

Such a personalized in vitro chip model was recently developed using PDOs derived from PDAC tumor biopsy, fibroblasts,
and endothelial cells tri-cultured in a perfusable 96-well based OOC system . Symbiotic interaction between the PDOs
and fibroblasts was observed with an elevated proliferation and increased PDO diameter in the co-culture system.
Moreover, fibroblast contributed to chemoresistance to gemcitabine by secreting collagen, which added to the matrix
stiffness and acted as a physical barrier to drug delivery. This co-culture platform showed the importance of the
relationship between patient cells and desmoplastic ECM and provided a better understanding of chemotherapeutic
agents’ bioavailability inside vascularized tumor tissues. Such a model could demonstrate a particular anticancer drug'’s
sensitivity to an individual patient in the lab before applying in the clinic.
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