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Abstract

Development of biomaterials mimicking tumor and its microenvironment has recently emerged for
the use of drug discovery, precision medicine, and cancer biology. These biomimetic models have
developed by reconstituting tumor and stroma cells within the 3D extracellular matrix. The models
are recently extended to recapitulate the /n vivo tumor microenvironment, including biological,
chemical, and mechanical conditions tailored for specific cancer type and its microenvironment.

In spite of the recent emergence of various innovative engineered tumor models, many of these
models are still early stage to be adapted for cancer research. In this article, we review the

current status of biomaterials engineering for tumor models considering three main aspects -
cellular engineering, matrix engineering, and engineering for microenvironmental conditions.
Considering cancer-specific variability in these aspects, our discussion is focused on pancreatic
cancer, specifically pancreatic ductal adenocarcinoma (PDAC). In addition, we further discussed
the current challenges and future opportunities to create reliable and relevant tumor models.
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1. Introduction

Reliable and predictive tumor models are essential to perform detailed mechanism-based
analyses as well as target identification, drug discovery studies, and personalized treatment
planning across the full spectrum of cancer research. To meet the diverse needs of cancer
research, various models have been developed, ranging from developing /n vitro cell lines
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to establishing ex vivo co-culture models to /n vivo animal models. Cell culture models
provide convenience and controllability but often inadequately represent the complex tumor
microenvironment (TME). Animal models mimic certain aspects of the TME better, but
such models are inherently complex and deciphering their study results for mechanistic
understanding is difficult.

Biomimetic tumor models have emerged as there have been significant recent advancements
in biomaterials and microfabrication technologies. /n vitro 3D models provide a more
realistic the complex and heterogeneous TME compared to 2D models and enable simplified
study of biochemical and biophysical factors which is not possible in animal models.
Current 3D models include spheroids, organoids, matrix scaffolds, tumor-on-chips, and
printed tissue constructs. These next generation models have attempted to address the
limitations of current 2D models while providing mimicry of in vivo tumor models. Tumor
spheroid and organoids are being adopted because of the simplicity and convenience in
copying the densely packed cells in the 3D context. Matrix scaffolds enable systematic
study of microenvironmental cues including cell-cell and cell-matrix interactions via culture
of multiple cell types. Microfluidic tumor models are capable of controlling and imposing
various chemical and physical conditions on the TME. These biomimetic models show
great promise as a complimentary bridging approach between /n vitro models and animal
models [1-3]. Research efforts have been mainly focused on developing approaches that
better recapitulate the in vivo setting. However, current models are still limited in mimicking
the complex PDAC microenvironment including the microanatomy and pathophysiology.

In addition, biomimetics have started being used and implemented in drug discovery and

to identify elements of cancer-type specific modes of pathogenesis. A thorough validation
of these models’ accuracy and repeatability is crucial. In addition, development for high
throughput, user-friendly, and standardized configurations is warranted.

Here, we review the current status of biomaterials engineering for tumor 3D modeling. To
reconstitute the TME, three aspects of tumor tissue are engineered - cellular engineering,
matrix engineering, and environmental engineering, as illustrated in Fig. 1. These aspects
vary drastically depending on the cancer type, stage, and organs [4]. Even for a given

cancer type, heterogeneity at molecular, cellular, and tissue-levels present [5, 6]. Thus, rather
than providing a generic description regarding cancerous tissues, this review is focused

on pancreatic cancer, more specifically pancreatic ductal adenocarcinoma (PDAC) unless
otherwise mentioned. PDAC is the fourth leading cause of cancer death in the United States,
with extremely low 5-year survival rate of 9% [7]. Treatment for PDAC remains especially
challenging due to the desmoplastic tumor microenvironment (TME) composed of cancer
associated fibroblasts (CAFs), extracellular matrix (ECM), and immune cells. Reliable and
predictive tumor models are essential to perform detailed mechanism-based analyses as well
as target identification, drug discovery studies, and personalized treatment planning across
the full spectrum of PDAC research. We will review each aspect of engineering the TME
and discuss challenges and opportunities to generate tumor models with more predictive
capability.
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2. Cellular Engineering

2.1.

2.2.

Molecular and cellular features of PDAC

PDAC results from accumulated oncogenic mutations in ductal or acinar cells of the
exocrine pancreas. Initiating mutations drive downstream cellular, transformation, tumor
growth, and complex changes within the TME that results in a highly aggressive and
metastatic solid tumor malignancy refractory to therapy. PDAC tumorigenesis arises from
either ductal cells themselves or from a transition of exocrine cells termed acinar-to-
ductal metaplasia (ADM) in which acinar cells undergo dedifferentiation into ductal- or
epithelial-like cells [6]. Primordial lesions are characterized by intraepithelial neoplasias
(PanIN; which is known to be the most commaon), mucinous cystic neoplasia (MCN), and
intraductal pancreatic mucinous neoplasia (IPMN). During tumor development, oncogenes
are upregulated and the function tumor suppressor genes is lost. The most frequently
oncogenic mutations for PDAC activating KRAS mutations and inactivating mutations in
tumor suppressor genes such as COKNZA/p16, SMAD4, and TP53, as illustrated in Fig. 2
[8, 9].

Tumor development is complicated by the interaction of tumor cells with a number of
cellular components of the TME, which is predominantly composed of CAFs, immune
cells, endothelial cells and epithelial cells. The heterogeneity of PDAC resulting from its
epigenetics and cellular characteristics has led to identification of several subtypes. Most
classifications are based on the expression of transcription factors and composition of
stromal cells that leads to epithelial-like or mesenchymal-like characteristics of PDAC [10].
Some classifications are based on immune cell compositions, especially the presence of B
and T cells. Different immune cell compositions has also been associated with variations

in mutations rates of transcription factors [11]. In addition, the highly controversial roles

of stromal cells also necessitate the need to understand their multifarious nature. For
example, some studies report protumorigenic effects of CAFs by reducing cytotoxic T cell
response [12, 13]. Moreover, reprogramming CAFs back to the normal fibroblast state with
curcumin had suppressed pancreatic cancer migration [14]. Contrarily, depletion of CAFs
was shown to result in more invasive tumors resulting in diminished survival of the host
[15]. Consequently, identifying genotype-phenotype relationships of pancreatic cancer cells
with the various stromal cell components as well as characterization of their subtypes remain
crucial elements in recapitulating the tumor heterogeneity in developing PDAC models.

Established cell lines

Human pancreatic cancer cell lines are derived from patient donors with varying age, sex,
origin, presence of metastasis and having received differing treatments [16, 17]. Table 1
provides a summary of commonly adapted human pancreatic cancer cell lines and their
genetic characteristics. The genetic diversity of cells results in considerable differences

in their phenotypes including metastatic characteristics such as adhesion to extracellular
proteins, migration, invasion, and angiogenic potential [16]. Thus, cell lines in tumor models
should be carefully selected with consideration of molecular and genetic features of tumors
mimicking.
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The adhesive properties of cell lines can vary considerably depending on the expression of
cell surface receptors and the precise components comprising the target extracellular matrix.
While some studies demonstrate PANC-1 having greatest attachment to collagen IV and
fibronectin, others report PANC-1 having the least affinity to laminin [18, 19]. Studies also
report contradicting results of PANC-1 attachment to the same extracellular matrix such

as fibronectin [19, 20]. The two studies in question measured the effect of f1 integrin

and (IL)-1a, respectively, on cell adhesion. The differing relative magnitude of PANC-1
adhesion to fibronectin compared to other PDAC cell lines from these studies suggest that
the cell interaction with the environment is quite complex even within the same cancer

cell type. Other contributing factors to the differences in phenotypes may be linked to the
use of different techniques for quantifying cells, temporal differences, or other elements

of individual experimental protocols [16]. Thus, when selecting established cell lines for

in vitro cancer models, specific experimental conditions regarding to matrix components
should be carefully considered and evaluated. Furthermore, the detailed genotype-phenotype
relationship warrants further investigation.

CAFs are the most abundant cellular component of the PDAC stroma. The origin of

CAFs is thought to be resident pancreatic stellate cells (PSCs) that upon activation by

a variety of extracellular stimuli differentiate into CAFs that may be identified by the
expression of a-smooth muscle actin (a-SMA) and collagen | [6, 21, 22]. In the normal
pancreas, PSCs control synthesis and degradation of extracellular matrix. However, with the
onset of neoplastic activity, activated PSCs produce large amounts of ECM, leading to a
characteristic dense PDAC stroma. CAFs derived from PSCs are known to have a significant
role in tumor progression and promote chemoresistance by remodeling the ECM. Among the
CAFs, two major subtypes have been identified based on their functions [21]. Inflammatory
CAFs, (7.e., ICAFs) reside distant from tumor cells, have lower a SMA levels, and highly
express cytokines and chemokines. Myofibroblastic CAFs (/.e., myCAFs) are located near
tumor cells and depend on juxtracrine interactions. They have higher a SMA and lower
cytokine expression. These myCAFs are associated with tumor stiffness, hypoxia, and
avasculation whereas iCAFs have been known to promote aggressive, immunosuppressive
and chemotherapy-resistant tumor behavior. Such cell specific characteristics in determining
their subtypes have largely been investigated through isolation of primary tissues [23].
Endothelial cell lines are also widely used for studies in angiogenesis, metastasis, and
migration studies [24]. Typical human endothelial cell lines utilized include human
umbilical vein endothelial cells (HUVECSs) and human microvascular endothelial cells
(HMECs). Most endothelial cells are derived from primary tissues, limiting their passage
number for culture. Some immortalized cell lines, including CAFs and endothelial cells,
have been shown to retain biochemical characteristics of the primary cells [25]. Isolation of
cancer specific stromal cell lines and identification of their subtypes could enhance precise
engineering of the TME in cancer modeling.

Established cell lines are valued in many studies as they are well characterized, low-cost,
and easy to propagate, which enables development of biomarkers and potential drug targets.
However, there are limited cell lines available that represent each of the different subtypes
and overall heterogeneity of cells even within a single tumor. Moreover, PDAC cell lines
have been shown to have acquired mutations and phenotypes ex vivo that favor their growth
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in vitro. Thus, there are significant differences in cell lines compared to primary tumors
and xenografts [22, 26, 27]. Nevertheless, established cell lines still possess imperative
advantage in high-throughput preclinical drug screening studies.

2.3. Patient-derived cells: Primary cells isolated from patient tumor tissues

Primary cell lines retain the heterogenous nature of pancreatic cancer cells and closely
resemble the original tumor. Particularly with the emerging importance of personalized
medicine, successful and efficient culture of primary cells is essential. Thus, different studies
have established protocols to develop primary cell lines which also involves mouse and
organoid models. Patient-derived xenograft (PDX) and patient-derived orthotopic xenograft
(PDOX) models make possible /n vivo expansion of primary cells. PDX enables culture

of pancreatic cells in native environment, however, is limited by the amount recovered
from the xenograft model. This may be overcome by the use of PDOX models [28].
Several studies have proposed facilitated methods to conventional isolation methods. A
two-step protocol is developed that does not require serial xenotransplantations, increasing
the efficiency [29]. With subsequent /n7 vitro culture, a success rate of 43% was achieved
from pancreatic cancer of various pathological types. Recently, accelerated development

of PDX models of neuroblastoma is reported in noticeably shortened amount of time

[30]. Alternatively, methods separate from the use of mice are also pursued. Tumor-biopsy-
derived cultures have been generated across various tumor tissue types within weeks of
biopsy. However, the success rate, ranging 9-38% depending on the tissue type, is lower
than mouse models [31]. Multi-cell type organoids are also developed with PDAC cells
and activated myCAFs, thereby preserving the cellular heterogeneity of the TME [32].
Nevertheless, isolating human primary cells without /n vivo expansion is still challenging
due to dense tissue fibroblasts that can overgrow cancer cells. Mouse models can increase
such isolation efficiency as human fibroblasts are replaced by murine stromal cells. In

spite of such advantage, this results in human cancer cells with murine stromal cells which
could lead to tumor cells that do not fully recapitulate the original tumor [29]. Widespread
establishment of rapid protocols with minimal usage of mouse models may contribute to
important advancements in patient-derived cells and personalized treatment.

2.4. Genetically engineered cell lines

The use of genetically-engineered mouse models (GEMM) has provided an outstanding /n
vivo platform for the study of pancreatic cancer. The current ‘gold standard’ of GEMM for
PDAC is the KPC mouse model that harbors oncogenic Kras®12P and dominant negative
Trp53R172H \whose concomitant expression is driven by either acinar (e.g., Elastase-cre) or
exocrine pancreas progenitor cell (e.g., Pdx-1-cre)-specific transgene. This model has been
shown to recapitulate many aspects of human PDAC disease progression, including acinar-
to-ductal metaplasia, the full spectrum of PanINs, primary invasive PDAC, and metastatic
dissemination of pancreatic cancer [33, 34]. Additionally, the KPC model replicates the
human PDAC desmoplastic tumor microenvironment including immune cell composition
[35, 36], CAFs heterogeneity [21], and extracellular matrix proteins [5, 37]. As such,

the KPC mouse model has been used as the frontline mouse model to test potential

PDAC therapeutics [38]. The KPC mouse model mimics many key immune features of
human PDAC:s including poor infiltration of effector T cells, massive deposition of myeloid-
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derived suppressor cells (MDSCs), cancer associated macrophages and regulatory T cells
establishing an immune suppressive tumor microenvironment [39-41]. Thus, comparing to
PDX or PDOX models, KPC models provide the advantages of studying immune-related
cellular mechanisms and the development of immune-mediated therapeutic strategies.

In addition to analysis of spontaneous /n s/t PDAC disease, an effective method for detailed
in vivo mechanism-based studies has been developed in which pancreatic cancer cells are
generated by isolating primary tumors to establish pools or clonal derivatives of cells from
GEMMs (e.g., KPC cells). The effectiveness of this approach is attributed in part to the fact
these cell lines may be manipulated ex vivo followed by reintroduction into mice of the
same genetic strain for analyses in an immunocompetent environment. The functionality of
KPC-derived cell lines as a tool for hypothesis-driven investigation has been significantly
enhanced through the use of Crispr-Cas9 gene editing to selectively eliminate tumor-derived
signaling molecules. In so doing, a precise molecular dissection of factors originating from
tumor cells versus those supplied by the tumor microenvironment may be performed [42].

Although GEMMs provide a number of advantages to study PDAC progression, their

use should be taken into practical and technical considerations. The routine breeding of
GEMMs can be time consuming and expensive, particularly when studies require combining
3 or more different modified alleles or transgenes. The maintenance of GEMMs can also

be challenging due to a reduced lifespan of the genetically-modified animal. Indeed, the
spontaneous and aggressive development of cancer in which all cells of a given type

within the pancreas (e.g., exocrine cells) are susceptible to tumorigenesis can result in
significant and rapid morbidity and mortality. The aggressive nature of the disease has the
potential to impede the analysis of elements of late stage PDAC (ée.g., stromal changes

or metastasis). Lastly, GEMMs have much fewer mutations and less genetic complexity
compared to human PDAC tumors. Whereas this aspect of the model has the advantage of
allowing investigators to focus on specific pathways, it comes with a notable limitation as
human PDAC has been shown to be quite heterogeneous in terms of the mutations involved,
tumor cell heterogeneity, and stromal make-up [43, 44]. Thus, the studies of PDAC genetics/
therapeutics using GEMMs cannot fully reflect treatment response in human PDAC patients.

2.5. Stem cell engineering

The ability to reprogram primary cells to pluripotent stem cell state has created novel
opportunities in disease modelling. Induced pluripotent stem cells (iPSCs) brought
advantage of exploring early stages of cancer which is often not feasible with patient-derived
cell lines or xenografts. iPSCs may be reprogrammed from normal or mutated somatic
cells via gene transfer of OCT74, SOX2, KLF4 and c-MYC transcription factors [45].
iPSCs derived from cancer cells could also recapitulate the properties of cancer stem
cells (CSCs). CSCs only represent about 5% of the total tumor and are therefore very
challenging to isolate [46, 47]. CSCs are resistant to standard therapies and are critical
factors responsible for tumor relapse as they may regenerate tumor cells after treatment.
These tumor initiating cells can also evade immune detection with decreased levels of
T-cell activation molecules and increased T-cell inhibitory molecules [48]. Hence, cancer
derived iPSCs may elucidate crucial knowledge in pancreatic cancer molecular pathways
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and CSCs associated chemoresistance. Despite its applicability, there are only a handful of
research on pancreatic cancer reprogrammed iPSCs available. It was reported that PDAC
cells were reprogrammed to iPSC by lentiviral transduction of reprogramming factors

[49]. Upon injection of iPSC-like cells into immunodeficient mice, the cells were able

to recapitulate various stages of pancreatic cancer. Cautious consideration in adapting
incompletely reprogrammed “iPSC-like” cells is advised as they may not fully recapitulate
the epigenetic properties of primary cells [50]. Nevertheless, iPSCs derived pancreatic
cancer organoids and orthotopic models continue to serve as practical tools as alternative to
patient-derived primary cells and personalized treatment [51, 52].

3. Matrix engineering

3.1. Therole of ECM

The desmoplastic stroma of PDAC consists primarily of matrix proteins secreted by CAFs,
such as collagen, fibronectin, hyaluronic acid, and laminin [5, 53]. The dense stroma is a
physical obstacle to many drug treatments for pancreatic cancer. Thus, understanding the
properties of ECM in tumor stroma formation and its impact on tumor cells is vital for
enhancing therapeutic efficacy. ECM functions as a structural support for solid tumors by
maintaining tissue integrity. Dysregulation in the ECM also triggers several biochemical and
regulatory pathways that promote tumor proliferation, migration, and metastasis.

ECM provides structural support in two forms: basement membrane (BM) and interstitial
matrix. The BM is present between the stromal component and the epithelium. The BM is
mainly composed of laminin, collagen IV and XV, entactin, heparin sulfate proteoglycans,
and nidogen. The interstitial ECM is most abundant with collagen I, 1l and V as well as
fibronectin [53, 54]. Overexpression of BM proteins such as collagen XV is antitumorigenic
by reducing the migration of PDAC cells. On the other hand, escalation of circulating
collagen 1V was observed in patient tissue samples and has been shown to protect

PDAC cells against apoptosis /n vitro [53]. Tissue disruption associated with pancreatic
tumor initiation and growth activates coagulation pathways resulting in extravascular fibrin
deposits, which are eventually replaced by collagens secreted by fibroblasts [55]. Resulting
deposition of matrix proteins contributes to poorer prognosis of PDAC. Despite substantial
matrix as part of a dense desmoplastic stroma in PDAC, the TME of PDAC tumors is poorly
vascularized.

The ECM also plays a fundamental role in chemical and mechanical signaling

pathways as well as communication via proteins, growth factors, receptors, and adhesion
molecules. Commonly encountered growth factors secreted within the PDAC TME include,
transforming growth factor-p (TGF-B), fibroblast growth factors (FGFs), hepatocyte growth
factors (HGFs) and vascular endothelial growth factors (VEGFS) [1, 53]. For instance,
TGF-p promotes ECM production by activation of PSCs and collagen synthesis [53]. Tumor
cells sense the mechanical stimulation from the ECM through interaction via transmembrane
glycoprotein integrins and actin skeleton, which activates further downstream signaling
pathways and modulate cell activity. Different combinations of integrin subunits, such as
B1, B2, and a2, prevents adhesion, proliferation, and migration of pancreatic cancer cells
to ECM proteins [56-58]. As such, understanding the functional interplay between ECM
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components, soluble molecules, and cell surface receptors can lead to additional knowledge
of how PDAC interacts with its microenvironment.

Proteomics, chemical and mechanical properties of PDAC matrix

Proteomics is a technique centered on global protein analysis of tumor tissue. Understanding
modification in proteins over the course of pancreatic cancer development can clarify the
role of certain proteins in tumor progression and establish novel biomarkers. Beachley

et al. accentuates the importance of recognizing proteomics by quantitative analysis of
organ-specific protein concentrations, as shown in Fig. 3 [4]. As a result of varying ECM
protein content and the cell adhesion properties depending on the tissue type, it is crucial to
plan differing matrix protein targeting strategies per cancer type. Sanh et al. specified that
some proteins (cathepsin D, integrin 1, and plasminogen) were overexpressed in pancreatitis
and PDAC tissues compared to normal tissues; moreover, pancreatitis and PDAC had similar
proteomics. Additionally, 31 proteins were differentially expressed comparing PDAC and
normal tissues [59]. They also identified that increased levels of serum pancreatic lipase in
pancreatitis correlated with the occurrence of malignant tumors, rendering it as a potential
biomarker. Similarly, mass spectrometry (MS) based proteomics was used to compare
proteins in normal tissue, pancreatitis and PDAC. Collagen was the most abundant protein
from tissue at all stages of the cancer [5]. Specifically, fibrillar collagens COL1A1, 1A2

and 3A1 constituted over 90% of all collagen, with 2.6-fold increase in PDAC compared to
normal tissue. Moreover, matrisome proteins were highly upregulated in PDAC compared to
PanIN and pancreatitis. In addition, 136 of 146 proteins overexpressed in PanIN compared
to normal pancreas were also overexpressed in PDAC. Thus, they may be recognized

as biomarkers for early PDAC progression. Also, protein composition was compared in

the human pancreas before and after decellularization using isobaric demethylated leucine
(DiLeu) labeling [60]. Results indicated an expected pattern that while matrisome proteins
were preserved, most cellular proteins were removed. Decellularization of human tissues
may provide new biomaterial scaffolds for cancer modelling.

As proteomics studies have revealed, ECM protein components are remodeled over

the course of cancer progression. ECM is organized by remodeling enzymes matrix
metalloproteases (MMP). Twenty six MMPs have been identified with different functions.
For example, MMP-1 degrades fibrillar collagens whereas MMP-2 and MMP-9 degrade
basement membrane collagen IV [54]. In PDAC patients, the expression of MMP-1,
MMP-2, MMP-7, MMP-8, MMP-9, and MMP-13 were elevated [61, 62]. The expression
of specific MMPs have been associated with the morphological features of PDAC.

For instance, in PDAC, the presence of necrosis has been positively correlated with
MMP-7 [61]. MT1-MMP is one of the most extensively studied proteases and is

known to cleave growth factors and collagen. MT1-MMP activates growth factor TGF-
B1 that prompts collagen production by PSCs. MT1-MMP inhibition in collagen gels
increased chemotherapy drug delivery, whereas upregulation of MT1-MMP led to increased
impairment of drug delivery [63]. In PDAC, MT1-MMP promotes invasiveness and the
inhibition of MT1-MMP expression by cytoplasmic tail binding protein 1 (MTCBP-1)
decreased the invasive and metastatic properties in vitro and in mouse models [64].
However, targeting MMP is remains contradictory. For example, suppressing MMP13
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expression inhibited PDAC invasion but also reduced chemotherapy efficacy [62]. Moreover,
in vivo MMP studies in PDAC is still lacking and more evidence is required in order to
draw the conclusion between MMP expression levels and PDAC prognosis. In addition to
MMP, there exists other remodeling enzymes such as fibroblasts activation protein (FAP)
and lysyl oxidases (LOX). In general, overexpression of remodeling enzymes correlates with
high levels of desmoplastic stroma [54].

Mechanical properties of the ECM change and evolve during pancreatic carcinogenesis

to render the TME to favor tumor cell proliferation. Robinson et al. observed increased
collagen concentration as well as matrix contraction when PSCs were present compared

to acellular samples [65]. Moreover, there was increase in collagen fiber alignment with
increasing PSC number. The increase in collagen fiber thickness and spacing between fibers
suggested that collagen fibers were being drawn together forming bundles. All together led
to increase in stiffness for samples with PSCs [66]. They were able to recapitulate the PDAC
stiffness when PDAC was cultured with tumor-associated stromal cells in collagen hydrogel
and was exposed to conditioned media from PDAC cells. Other noticeable mechanical
properties involve fiber alignment of proteins on matrix stiffness as well as migration
patterns. High collagen fiber alignment has shown correlation with epithelial expression of
EMT, a-SMA expression and overall reduced survival of patients [67].

Matrix: Collagen Type I, IV, fibronectin, hyaluronic acid

Understanding native biomaterial function is crucial not only for means of cell culture

but also for development of a 3D model drug screening platform. Drug efficacy has
demonstrated significant differences in 2D and 3D environments due to desmoplastic
stroma. Therefore, the ability to mimic natural ECM has been a fundamental research area.
The functional characteristics and applications in PDAC modeling for common natural ECM
proteins is summarized in Table 2.

Matrigel is a protein mixture including collagen IV, laminin, entactin, perlecan, cytokines
and growth factors which is derived from Engelbreth-Holm-Swarm mouse tumor basement
membrane [68]. Matrigel has been widely applied in culturing cancer cells for identifying
therapeutic targets and studying drug efficacy. For instance, culturing pancreatic cancer cells
in Matrigel with growth factors TGF-f and epidermal growth factor (EGF) was used to
assess cancer cell growth and chemoresistance [69]. Another study investigated targeting
hypoxia induced drug resistance in PDAC [70]. However, due to high batch-to-batch
variability and limitations in identifying protein components, Matrigel may be inappropriate
in studying the role of specific ECM proteins in pancreatic cancer cell growth and producing
consistent results. Collagen type I and 1V are the most abundant protein in interstitial

stroma and basement membrane respectively. Bovine and rat-tail collagen matrix are widely
applied in many cancer models as they closely mimic tumor ECM, however, they must

be prepared at acidic conditions [71]. During preparation, collagen material properties

may be determined by altering different parameters including concentration, polymerization
temperature, and polymerization pH [72]. Common applications studies utilizing collagen in
PDAC modelling include investigation for enzyme activities such as MMP [73], adhesion
factors such as E-cadherin [74], matrix stiffness [75], fibrillar structure [65, 76], and
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EMT and migration [77, 78]. Moreover, development of oligomer collagen, compared with
conventional monomer collagen, enabled standardization of collagen preparation which led
to direct comparison of collagen microstructure properties on PDAC behavior [79]. Studying
various integrin receptors of matrix could also uncover the spatial distribution of ECM
around tumor cells [80], which allows potential engineering of models that recapitulate the
3D architecture of PDAC tissue.

Fibronectin is a cell surface glycoprotein secreted by fibroblasts. Binding to the major
receptor integrin a5p1, fibronectin induces pro-tumorigenic effects in PDAC through
increasing chemoresistance, cell invasion and metastasis [81]. Targeting fibronectin also
promotes matricellular protein SPARC function to inhibit PDAC growth and induce
apoptosis [82]. However, the role of fibronectin is paradoxical as both tumor suppressor
and metastatic promoter. Lin et al. provides extensive review on various hypothesis on

the interplay between fibronectin and the TME that leads to the controversial nature [83].
Nonetheless, targeting fibronectin remains unsettled. Regardless of the controversial nature,
fibronectin may serve as a practical cell culture medium. Jordahl et al. engineered a novel
hydrodynamically induced fibrillar fibronectin (fFN) for 3D cell culture [84]. The hydrogel
was supported by a tessellated porous scaffold that closely mimics the fibrillar networks

of natural ECM. Notably, this fFN model was in line with the pro-tumorigenic effects

of fibronectin when cultured with cancer cells isolated from 14 different patient biopsy
samples. The adaptability of this platform to other cancer types requires further examination.

Hyaluronic acid (HA) is a major glycosaminoglycan (GAG). HA matrix provides a stable
platform for cell culture, albeit the hydrogel does not have ligands for integrin signaling.
HA binds to cell surface receptors CD44 and receptor for hyaluronan-mediated motility
(RHAMM) that regulates pancreatic cancer proliferation and drug resistance [71]. HA also
increases interstitial pressure by retaining large water volume and resisting compression
[85]. Targeting HA synthesis by introducing competitive substrate 4-methylumbelliferone
(4-MU) or HA signaling via cell surface receptors, and degrading HA with an enzyme
pegylated hyaluronidase (PEGPH20), are potential therapeutics for PDAC [86]. PEGPH20
has demonstrated efficacy in decreasing IFP in mouse models via combination therapies
with gemcitabine in preclinical studies [85]. However, clinical trials administering the drug
was ultimately halted in phase 111 due to failure in increasing overall patient survival, leaving
HA targeting a highly unknown research area [87].

3.4. Synthetic matrix: Polymer-based matrices

Synthetic polymer matrices are present in porous scaffold or hydrogel form. They possess
controllable biochemical and biomechanical properties over a broad range of length scales,
rendering them an important advantage over native matrices [88]. Likewise, synthetic
matrices can present ECM proteins and soluble bioactive molecules that are present in

the TME using various chemical synthesis and modification techniques [89]. The resulting
matrices have been used to examine the effects of 3D microenvironment on cancer growth,
invasion, and metastasis and to screen therapeutic drugs [90].

Synthetic polymer hydrogels mimicking /n vivo tumor tissues can be synthesized by
cross-linking various synthetic water-soluble polymers chemically or physically. These
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polymers include polyethylene glycol (PEG) [91-93], poly(vinyl alcohol) (PVA) [94], and
polyacrylamide (PAAm) [95-97]. Various methods are employed to reconfigure synthetic
hydrogels to provide a stable material for 3D cell culture. For instance, synthetic hydrogels
can be conjugated with ECM protein-mimicking oligopeptides containing Arg-Gly-Asp
(RGD), which is an integrin-binding domain of fibronectin [98]. Furthermore, hydrogels
can cross-link with MMP, which is overexpressed in tumor tissue [99, 100]. Raza et al.
used the PEG hydrogel tethered with RGD peptides and cross-linked with MMP-sensitive
linkers (sequence: KCGPQG*IWGQCK, *protease cleavage site) or non-cleavable linker,
dithiothreitol, MMPg., (sequence: KCGPQGPAGQCK). This gel system was used to
evaluate the effects of matrix composition and stiffness on growth and morphogenesis of
pancreatic ductal epithelial cells (PDEC) (Fig. 4.A) [101]. Cells showed viability higher
than 92% even after 10 days, regardless of cross-linkers. However, the gel formed with

the MMP-sensitive linker led cells to form larger cell clusters and present higher metabolic
activity than the gel formed with non-cleavable linker.

Another study used multi-arm PEG cross-linked by photopolymerization

between norbornene- and thiol-terminated protease-sensitive peptides (sequence:
KCGPLG*LYAGCK, *protease cleavage site). The gel physically entrapped type 1 collagen
(Coll) during light-induced gelation to study the growth, morphogenesis, and drug
resistance of PDAC cells [102]. Elastic modulus of the gel was approximately 2 kPa,
which is similar to the stiffness of solid pancreatic tumor tissue. The gel with collagen
directed cells to form larger clusters and undergo a more active nuclear translocation of
Yes-associated protein (YAP) likely due to the inhibition of Hippo pathway (Fig. 4.B).
After a 10-day culture, the stiffness of the gel containing collagen decreased significantly
while the one without collagen still had the similar stiffness. PDAC cell clusters formed
within the hydrogels had higher chemo-resistance to Gemcitabine than those cultured on

a polystyrene tissue culture substrate. Additionally, other PEG-based hydrogels engineered
with MMP-sensitive linkers and integrin-binding RGD peptides are used to study growth
and phenotypic activities of cancer spheroids formed with ovarian [99], lung [100], and
brain [103] cancer cell lines.

Oligopeptides with desired amino acid sequence can form hydrogels via intermolecular self-
assembly. These self-assembled peptide gels can present versatile architectural, chemical
and bioactive cues by substituting amino acids, tuning the peptide sequence, and adding
specific integrin or receptor-binding ligands [104-108]. Peptides self-assemble to form
nanostructure via hydrogen bond, r—m stacking, or electrostatic interaction to recapitulate
the fibrous architecture of the ECM [109]. Some examples of oligopeptide gels used

for 3D cancer tissue engineering are RADA16 hydrogel (COCH3-(RADA)4-CONH>)
[110], EAK16 hydrogel (CONH3-(AEAEAKAK),-CONH,) [111], H9e peptide hydrogel
(FLIVIGSIIGPGGDGPGGD) [112], and EFK8 hydrogel (FEFEFKFK) [113]. RADA16-I
peptides can self-assemble into an antiparallel S-sheet and form a fiber network with

10nm diameter and 50-200 nm pore diameter. The resulting gel was used to assess the
effect of anti-cancer drug on PANC-1 co-cultured with human normal dermal fibroblasts
(hNDF) [110]. The RADAL6-I peptides contain arginine-alanine-aspartate-alanine (RADA)
sequence that can bind with cells. PANC-1 cells grew with a doubling time of 3 days while
hNDF showed no proliferation. PANC-1 cells migrated in the gel more actively when co-
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cultured with hNDF than mono-cultured. The efficacy of four anti-cancer drugs, including
Gemcitabine, 5-Fluorouracil (5-FU), and 4-Methylumbelliferone (4-MU), was evaluated in
the 3D co-culture system. Gemcitabine prevented PANC-1 proliferation most effectively
but also had high cytotoxicity on fibroblasts. 4-MU had a faint effect on PANC-1 while it
showed high toxicity on fibroblasts as well. Overall, the gel provided a microenvironment
that mitigated the efficacy of drugs with PDAC cells co-cultured with fibroblasts. Likewise,
another study used d-form EAK16 peptides that form a nanofirous scaffold [111]. Each
fiber width varied from 10 to 500 nm. Liver cancer cells cultured in the d-EAK16 hydrogel
remained viable and proliferated during 12-day culture. The gel facilitated sequestration
of enzymes and growth factors. More interestingly, the d-EAK16 gel showed a higher
resistance to proteases degradation than I-form. I-form EAK16 peptide gel degraded by
natural enzymes including pronase, trypsin, and pepsin, while the d-form EAK16 gel
remains stable in the enzymatic solution.

Hybrid hydrogels are formulated by combining natural polymers with synthetic polymers
[114]. Natural polymers can act as bioactive epitopes that regulate cell adhesion and
phenotype, while synthetic polymers can regulate gel softness. Adding acrylate, thiol, vinyl
ether, and norbornene enables fine tuning of natural matrices via photopolymerization.

For instance, norbornene-modified gelatin (GeINB) and thiolated HA (THA) were
photopolymerized with Eosin-Y as initiator under visible light [115]. These materials have
provided stable platform for pancreatic cancer cell culture. Moreover, its stiffness could

be modified (shear modulusl,2, and 5 kPa) by varying PEG-tetra-thiol (PEG4SH) content
to study the effects of stiffness on the pancreatic cancer cell line COLO-357 growth and
spheroid formation. Cells grown in stiffer matrix expressed markers that suggests greater
progression and metastasis. Hybrid hydrogels has also been utilized to enhance orthotopic
implantation. Orthotopic models with pancreatic cancer cells encapsulated in thiolated HA
or thiolated gelatin had greater growth and metastasis compared to injected cells. Another
study modified HA to present aldehyde group and methyl furan group [116]. The modified
HA can be cross-linked with bis(oxyamine)-PEG and further be conjugated with bioactive
peptides GRKQAAS-IKVAV-SG4SRLgR,KG (Mal-1IKVAVLg). The hydrogel was used to
examine the effects of mechanical stiffness and biochemical properties on growth of breast
cancer spheroids. The gel stiffness was controlled with the number of cross-links (resulting
elastic modulus of 0.6 kPa) while biochemical properties were controlled by bioactive
peptide structurer. The tumor spheroids cultured in the bifunctional HA hydrogel showed a
lower doxorubicin susceptibility due to limited transport into the spheroid core and a higher
expression of the multidrug resistance protein (MDR1) than those cultured within Matrigel
(Fig. 4.C).

In addition, an effort was made to decouple or lower the dependency between matrix
stiffness and permeability while keeping the number of cell adhesion sites constant.
Physically associated collagen fibrils were chemically linked with PEG di-(succinic acid
N-hydroxysuccinimidyl ester) (PEG-diNHS) [117]. By doing so, the individual collagen
fiber can stiffen without altering the spacing between collagen fibers. With this approach, the
elastic modulus of the collagen gel can be varied from 0.7 to 4.0 kPa, which simulates the
softness of fat and normal liver tissue, respectively. The diffusion coefficient was kept within
the order of 10~/ cm?/s, which was similar to that in the native ECM. The collagen-PEG
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hybrid gel was used to study the effects of matrix stiffness on the hepatocellular carcinoma
phenotype. Decreasing the elastic modulus from 4.0 to 0.7 kPa led the cancer cells to

form a larger cell mass (Fig. 4.D) with reduced detoxification activities of hepatocytes and
increased secretion activities of proangiogenic vascular endothelial growth factors.

Polyurethane (PU) is a promising polymeric material for various tissue engineering
applications and medical implant applications due to it stability, biocompatibility, and highly
tunable mechanical and physical properties. However, its application in pancreatic cancer

is not yet explored to a great extent. Recently, one study developed PU scaffold culture

of pancreatic cancer cell lines AsPC-1, PANC-1 and BxPC-3 [118]. Surface modification
with fibronectin greatly enhanced cell adhesion and proliferation. Moreover, the culture

was successfully maintained for 29 days and recapitulated in vivo stress gradients and
collagen-1 production. Overall, the study demonstrated a novel hybrid platform with features
that represents the pancreatic cancer microenvironment. Additionally, there are other novel
hybrid materials utilizing natural polymers such as Chitosan and poly(y-glutamic acid)
(y-PGA) that offer diverse scaffolds for pancreatic cancer [119].

Microporous polymeric scaffolds are widely utilized to study cancer cell growth due to
their highly interconnected structure and low degradation rate [90]. Polymeric scaffolds are
fabricated with polylactide (PLA) [120, 121], polystyrene [122], poly(lactide-co-glycolide)
(PLG) [123], and poly(lactic-co-glycolic) acid (PLGA) [124]. Fischbach et al. used PLG
scaffolds with pore diameter around 200 um to study the behavior of oral squamous cell
carcinoma cells and lung carcinoma in a 3D environment [123]. After 3 weeks of culture

in the PLG scaffold, oral squamous cell carcinoma cells (OSCC-3) formed a larger tumor
mass and produced more angiogenic factors than cells cultured on 2D plates (Fig. 4.E).
Also, cells retrieved from 3D system had a higher invasive potential with elevated epithelial
and mesenchymal markers. Moreover, they were less responsive to anti-cancer drug, the
P13-kinase inhibitor LY294002, than cells cultured on 2D plates. Ricci et al. examined
PDAC culture in scaffolds synthesized by poly(vinyl alcohol)/gelatin (PVA/G) mixture

and poly(ethylene oxide terephthalate)/poly(butylene terephthalate) (PEOT/PBT) copolymer
[125]. These scaffolds were designed into either sponge-like structures or nanofiber meshes.
PDAC cultured in the sponge-like scaffolds were able to form clusters with morphology
similar to that of primary cancer (Fig 4.F). Also, cells cultured in the sponge-like structure
excreted higher tumor-specific MMPs than those in fiber meshes. Overall, this study
suggested that sponge-like structure scaffolds are more advantageous to recreating an in
vivo-like aggressive pancreatic tumor models.

4. Environmental engineering

Previous sections have elucidated the complex pancreatic cancer TME that consists of
heterogeneous stromal cells as well as diverse matrix protein compositions that not only
provide structural support for also chemical and mechanical cues that are essential for
various cell behaviors. It is not only important to understand the consequences of individual
factors in the TME, but also to engineer environments that mechanically and biofunctionally
recreate the TME to represent a realistic microenvironment for discovering novel therapeutic
targets and high-throughput drug screening /n vitro. This section introduces recent studies
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that recapitulates the 3D microanatomy, cellular interactions, and mechanical conditions for
tumor modeling.

4.1. 3D microenvironment with microanatomy

The ability to engineer carefully selected cell lines and ECM into the microanatomy of
pancreatic cancer tissue adds a unique dimension to traditional /n vitro cell modeling.
Advancements in tissue engineering have enabled representations of various spatiotemporal
natures of the TME, allowing more relevant conditions for high-throughput drug screening.
Multiple studies have developed compartmentalized models with spatially distributed ECM
and cell types, most commonly PDACs and PSCs [126, 127]. These models are able to
examine the fiber arrangements surrounding PDAC tumors and cellular migration between
different layers, which can elucidate important stroma-pancreatic cancer interactions.

Emergence of microfluidic platforms, known as “tumor-on-chip” or “tumor-
microenvironment-on-chip”, has opened up new methods 3D microenvironment
engineering. Specifically, most cancers have epithelial origin, where cancer cells grow
from epithelial ducts. Thus, the capability to reconstruct the microanatomy of difference
stages of disease is crucial. Moreover, the ability to recapitulate the anatomy possesses
valuable advantage of being able to simulate /7 vivo cell-ECM mechanical cues. So far,
only a handful number of microfluidic platforms that mimic the pancreatic acinar to ductal
progression is available. A ductal tumor-microenvironment-on-chip (dT-MOC) is recently
reported in which the ductal epithelium surrounded by collagen solution formed through
viscous fingering technique, as seen in Fig. 5.A [128]. The structure allows invasion
studies of both mesenchymal-like and epithelial-like murine pancreatic cancer cells, thereby
mimicking the heterogeneous PDAC TME.

Engineering microvasculature of PDAC has been overlooked, a consequence of the
misconception that PDAC has few blood vessels based on its hypovascular nature. Contrary
to belief, pancreas is a highly vascularized organ and PDAC specific conditions including
hypoxia, high interstitial pressure, and leaky blood vessels underline the significance of
incorporating microvasculature into PDAC models [129, 130]. During metastasis, tumor
cells and the endothelium interact during migration and invasion within TME into the
vasculature to extravasation and colonization of the secondary organs. Integrin, growth
factor, and other cellular transduction pathways play distinct roles along the individual
processes [131]. For breast cancer models, microfluidic vascular structure has been
developed to analyze transendothelial migration of cancer cells as well as immune cells
[132, 133]. For pancreatic cancer, the number of studies for such models is significantly
limited. A cancer-on-chip model, shown in Fig. 5.B, is developed with both pancreatic
cancer duct and blood vessel structures [134]. In response to various chemotactic agents,
PDAC cells are able to invade into the collagen matrix forming branched structures,

wrap around the blood vessel, and subsequently invade into the vessel. Upon knockout of
ALKZ7, a tumor-suppressive receptor, the invasive property of PDAC cells was diminished.
Reproducing /n vivo drug treatment results was also reported through co-culture of PDAC,
human microvascular endothelial cells, and PSCs [129]. The endothelial cells were seeded
above a synthetic membrane and physiologically relevant shear stress was applied to mimic
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blood flow induced endothelial cell morphology. Despite previously discussed models,
mechanisms of pancreatic cancer cell invasion, angiogenesis, and interaction with the
endothelium remains a critical knowledge gap.

4.2. Cell-cell and cell-matrix interactions

One of the fundamental elements in studying the PDAC heterogeneity is capturing the
interaction between different cell types and matrix components. Organoids are emerged
as the simplest model of mimicking multicellularity of solid tumors regardless of the
cancer type [2]. Organoids can be synthesized via self-organization of primary cells or
differentiated stem cells. Thus, the starting cell type and physical environment that allows
for endogenous and/or exogenous signals leading to self-organization is crucial [135].
Organoid models are beginning to be broadly adopted including studying tumor cell
growth, angiogenesis, metastasis, and drug screening. They can also be used to investigate
tumor carcinogenesis by establishing patient-derived or stem cell-derived organoids from
different stages of pancreatic cancer followed by orthotopic transplantation [136, 137].
Alternatively, novel gene-editing technologies such as CRISPR-Cas9 can be combined to
induce specific mutations of the molecular pathway to normal cells in pancreatic [138]
and colorectal [139] cells. Although this method is still in its early development, it offers
valuable insights regarding applications of different technologies in studying organoids.
Patient-derived organoids that conserve patient-specific traits also allow an effective drug
screening method for personalized treatment as seen in Fig. 5.C [52, 140].

In addition to tumor-tumor cell relationship, multicell type organoids can be generated

[2]. For example, co-culture of PDAC cells and PSCs in organoids is a useful tool in
understanding tumor-stroma interaction while maintaining a solid tumor aggregate structure
[141]. Moreover, with increasing attention on immunotherapy for cancer [142], immune cell
infiltration studies in organoids are performed to reveal tumor-immune cell relationship [32].
Organoids can be further utilized to study cell-matrix interactions by culturing in different
natural and synthetic hydrogels [143]. Studying cell-matrix interaction in pancreatic cancer
is crucial especially due to the dense stroma and the resulting hypoxic microenvironment.
Hypoxia alters molecular activities in the ECM by activating hypoxia inducible factor-1
(HIF-1) transcription factor that in turns recruits macrophages by promoting CCL2 secretion
[144]. Macrophages can activate PSCs which in response accumulates more ECM proteins.
Thus, hypoxia promotes immunosuppressive environment through various mechanisms
involving fibroblasts and signaling pathways. For example, PSCs secrete cytokines such

as IL-6 and M-CSF under hypoxia which recruits T cells and prevent activation of effector
T cells [145]. Despite some studies being able to develop multi cell type organoids that

is able to express inflammatory and hypoxic markers [146], more efforts are necessary to
recapitulate the gradient of hypoxia in pancreatic cancer within the organoid models.

Organoid-on-a-chip integrates the benefits of organoid and microfluidic platforms. Recently,
3D vascular network representation with organoid culture in an organ-on-a-chip model
allows investigation of various cell types while mimicking the PDAC microanatomy

[147]. Moreover, co-culture with PDAC spheroids and stromal cells in microfluidic

device offer clinically relevant results regarding EMT and drug resistance [148]. However,
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PDAC organoid-on-a-chip models are highly underdeveloped. Other microfluidic models,
not limited to pancreatic cancer, investigate tumor-endothelial and tumor-immune cell
interactions [3, 149-151]. Devices with immune cell applications are noticeably rare, with
one example shown in Fig. 5.D demonstrating the interaction between lung cancer cells and
macrophages [152].

4.3. Mechanical conditions: fluid shear stress, hydraulic pressure, solid stress

Desmoplastic stroma including fibroblasts and matrix proteins, fluid flow, and elevated
interstitial pressure act in concert to exert various mechanical forces on pancreatic cancer.
These conditions have been associated with promoting tumor migration and metastasis as
well as decreased drug distribution to the tumor population [153]. For example, deposition
of matrix proteins has been directly correlated with total tissue pressure, limiting drug
delivery [154]. 2D cell monolayer models in cell culture disk or microfluidic device with
shear stress created by shakers or fluid flow offer simple platforms for studying the effect
of stress in cancer and endothelial cells [155, 156]. Especially for endothelial cells, various
shear patterns have induced differential cell morphology, orientation, and gene expression
[129]. In addition, deformability of cancer cells is an important factor in cancer metastasis
to migrate through the dense stroma and convoluted vascular structure. In pancreatic cancer,
transwell essays and solid stress application with piston with adjustable weight or AFM
resulted stiffer human cell lines having more invasive behavior [157, 158]. These studies
allow identification of potential mechanoregulating integrins or proteins, such as laminA
[157]. Interestingly, neuropsychological stress has been shown to promote tumorigenesis in
KPC mice [159]. Future in vitro models incorporating nerve networks and pancreatic cancer
could elucidate compelling relationships.

Increased ECM stiffness in tumor compared to normal tissue can have a significant influence
on cell phenotype, growth, and metastatic potential. Stiffness alters cancer progression
through cell-ECM and cell-cell interactions which can also modify the surrounding TME

to favor tumor growth [160]. In one study, the shear moduli of synthetic thiol-ene hydrogel
PEG4NB crosslinked with dithiolthreitol (DTT) or MMP sensitive linkers was controlled
between 6 kPa and 3 kPa [161]. PANC-1 cells cultured in softer gel formed larger clusters
and higher metabolic activity compared to stiffer gels. Moreover, cells in the stiffer gel
retained mesenchymal phenotype whereas in the softer gel cells exhibited ductal phenotype.
Another study investigated PSC behavior in a different synthetic hydrogel model with
PAAmM gel with varying stiffness (1 kPa and 25 kPa) [162]. PSCs grown in both softer matrix
and Matrigel maintained resting-like state whereas those in stiffer matrix had two-fold
increase in mRNA levels of aSMA and vimentin, indicating activated state. Moreover, PSCs
favored durotactic migration towards stiffer matrix. In future models, co-culture studies with
cancer and stromal cells could greatly enhance our understanding on cell-cell interactions

in varying stiffness. Additionally, models that can recapitulate progressive stiffness change
could more closely mimic the change in protein composition over the course of the disease,
which could elucidate novel therapeutic targets for different stages pancreatic cancer.

Advanced 3D models are able to recapitulate more intricate interstitial fluid pressure, cell
migration behaviors and drug response under various mechanical conditions. Application
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of native matrices can model gel fluid and free mobile fluid present in the ECM, such as
HA swelling, which consequently elevate tissue pressure and inhibit drug delivery [163].
Fig. 6.A shows a T-MOC platform that can mimic various transport processes [164]. This
device is an assemblage of two PDMS layers with endothelial cell aligned porous membrane
in between, simulating the drug delivery through the top capillary channel and the bottom
tumor interstitium and drainage through the lymphatic vessels. The cancer cells are cultured
in 3D collagen matrix and may be co-cultured with other stromal cells to depict PDAC
heterogeneity. The combination of previous factors captures the elevated interstitial fluid
flow and realistic obstacles to drug delivery in the TME. The T-MOC device has been
adapted to study the nanoparticle delivered doxorubicin, which showed a physiologically
relevant accumulation and penetration of drug in the interstitial channel, as shown in Fig.
6.B [165]. Microfluidic technology is a versatile model that grants highly controllable
variables including biotransport and mechanical conditions for systemic study of diverse
cancer phenomena.

5. Challenges and opportunities

Engineered tumor models have demonstrated the feasibility of creating the 3D cell

culture environment, which is getting closer to the tumor microenvironment /n vivo than
conventional cell culture platforms. As noted in Fig. 7., the number of publications regarding
3D tumor models has been rapidly increasing and is anticipated to increase. However, as
the initial development phase has matured, the limitations of these engineered models has
become better appreciated. Numerous challenges of current engineering tumor models must
be met to open up opportunities to advance to next-generation engineered tumor models.
Although many engineered tumor models reconstitute the key components of tumor tissues,
it is still significantly limited in recapitulating the full spectrum of the pathophysiology

of the TME. Next-generation tumor models should provide recapitulation of molecular
signaling pathways in tumorigenesis and drug resistance, which is essential to identify
promising molecular targets and test innovative compounds capable of effectively inhibiting
these targets.

5.1 Mimicry of pathophysiology: Coagulation and fibrosis

The complexity of recapitulating the full-spectrum of tumor cell- stroma interactions in

a 3D model system is further complicated by the number of biological systems (e.g.,
immune, hemostatic, endocrine) that are activated in the PDAC TME. For example, PDAC
is significantly associated with venous thromboembolism (VTE), has the highest rate of
cancer-associated thrombosis compared to other cancer types [166, 167], and VTE is
highly correlated with disease aggressiveness [168, 169]. Moreover, recent studies have
shown a reciprocal relationship whereby local activation of the coagulation and fibrinolytic
systems within the TME is a significant feature of the pathophysiology of PDAC that

has consequences on disease progression and severity. In PDAC, tumor cell derived

tissue factor (TF) expression is the major source of the activated coagulation cascade. To
make engineering PDAC TME more difficult, stromal TF expression by monocytes and
macrophages also contributes to the activation of coagulation cascade. However, studies
have shown that the tumor cell is a dominant source of TF in promoting activation of the
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cascade, blood clot formation and ultimately PDAC pathogenesis [170, 171]. Tumor cells
express TF and release extracellular vesicles or microparticles (MPs) of 0.1-1um in diameter
size, which has been shown to contribute to the hypercoagulable state observed in cancer
patients [170, 172]. In PDAC, increased MP TF activity has been shown to be significantly
correlated with cancer stage, VTE complications, and diminished survival of PDAC patients
[173-175].

TF exposure and resulting activity culminates with the conversion of the zymogen serine
protease prothrombin to the active protease thrombin. Thrombin is the central hemostatic
protease with over a dozen downstream targets. Most notably, thrombin cleaves soluble
fibrinogen and activates the coagulation transglutaminase Factor XI111. These components
produce the stable fibrin clot either within vessels or within extracellular milieu such

as the TME. Fibrin microstructure properties are dependent on thrombin concentration
[176]. Although fibrin is a widely used scaffold in tissue engineering and culturing iPSCs
[177, 178], its application in 3D culture of pancreatic tumor cells is still lacking. Fibrin
matrices can influence tumor growth and metastasis through a number of mechanisms.
With tumor vasculature, occlusive fibrin thrombi can result in local areas of ischemia and
hypoxia that drive reactive within and around a growing tumor. Given that the vasculature
of forming tumors is disrupted and becomes “leaky”, extravascular fibrin deposits are a
common pathological feature of the TME. Fibrin in the extravascular space can support
tumor growth through a number of possible mechanisms, including by serving as a scaffold
for cell culture [179]. Additionally, a variety of cell types specifically bind to and migrate
on fibrin(ogen) matrices, including, neutrophils, macrophages, fibroblasts, endothelial cells
and other cells [180-182]. Direct binding to fibrin(ogen) through both integrin (e.g.,

ampP2, ayPs, a1Ps) and non-integrin receptors (e.g., ICAM-1, cadherins) mediates these
cell-fibrin(ogen) interactions. In so doing, fibrin(ogen) provides an important spatially-
defined signal to initiate specialized cellular functions. In particular for tumor biology

and specifically PDAC, the ability of fibrin to engage apB2 on macrophages to stimulate
macrophage differentiation, polarization, and activation has wide ranging implications given
the importance of tumor-associated macrophages in driving cancer progression [181].

A second major class of downstream thrombin effectors are protease-activated receptors
(PARs). Thrombin activates PAR-1,—-3, —4 that are expressed on a variety of cell types
relevant to PDAC tumor biology, including endothelial cells, fibroblasts, immune cells,

and tumor cells themselves [183, 184]. Thrombin initiates cell signaling by PARs through
cleaving an N-terminal encrypted ligand. Following cleavage, the new N-terminal peptide
engages the receptor to activate cell signaling [185]. For PDAC, recent studies demonstrated
that TF-thrombin-PARL signaling in PDAC tumor cells is a significant driver of tumor
growth [42]. Intriguingly, the impact of this signaling axis was by suppressing anti-tumor
immunity in the in the TME. Separate studies indicated that PAR1 signaling by stromal cells
supported tumor growth and resistance to chemotherapy [186]. Use of a 3D model system
represents a significant opportunity for being able to dissect individual contributions of PAR
signaling in various cell types to better define the cell-type specific roles of these pathways
in tumor biology.
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On the opposite side of clot formation is the process of fibrinolysis, which is the
dissolution of fibrin clots and matrices by the protease plasmin. Generation of plasmin
from the zymogen plasminogen is mediated by one of two plasminogen activators, tissue
plasminogen activator (tPA) and urokinase plasminogen activator (uPA). For fibrin clots,
tPA is the primary plasminogen activator. On cell surfaces, uPA bound to its receptor

UPAR mediates plasminogen activation. The activity of tPA and uPA is inhibited by
plasminogen activator inhibitors-1 (PAI-1). Following activation, plasmin can degrade fibrin
resulting in the release of soluble fibrin degradation products, degrade other ECM proteins,
activate MMPs, or activate latent growth factors [187-190]. Notably, uPA/uUPAR can also
exert plasminogen-independent effects on cellular activities [189]. uPA and uPAR are
overexpressed by PDAC cells as well as certain stromal cell types (e.g., cancer-associated
fibroblasts) and suppression of uPA or uPAR decreases cancer cell invasion, angiogenesis
and tumor development [191-193]. Tumor cell derived PAI-1 has been shown to promote
cancer invasion and elevated levels of PAI-1 are potential risk factors for colorectal and
breast cancer [194-196]. In PDAC, the results of PAI-1 expression are quite variable. Some
studies suggesting it is downregulated and overexpression of PAI-1 in PDAC cell lines
inhibited cell invasion, limiting liver metastasis [197, 198]. However, others suggest it is
upregulated and functions to activate pancreatic stellate cells to promote PDAC fibrosis
and progression [199, 200]. To resolve these conflicts, systematic studies on different cell
lines or patients with distinct oncogenic alternations are needed to tease out the correlation
between gene mutation, PAI-1 expression and its contribution to PDAC prognosis. Taken
together, determining the contribution of the plasminogen activation system can be complex
with multiple cellular sources of factors and alternative pathways. Better defining the
contribution of uPA, uPAR, plasminogen, PAI-1, and other fibrinolytic system components
remains a significant knowledge gap in PDAC pathogenies.

Immune cells and subpopulation-specific models

Another major challenge is associated with recreating immunosuppressive and inflammatory
aspects of the TME [6]. As immunotherapy of cancers emerge, reliable testbed to postulate
and test novel hypothesis to improve anti-tumor immunity at TME is highly demanded
[142]. However, recapitulating immunosuppressive TME is extremely challenging [3]. This
is because the immunosuppressive condition requires delicate balance of immune cell
populations in the model. Several attempts to incorporate immune cells have been reported
[201], but it is still early stage for broader use. Nevertheless, given the clear contribution of
the immune system to tumor progression and the emphasis on developing immune targeted
therapies for cancer treatment, incorporating immune components to next generation 3D
tumor models should be a point emphasis for development.

The limited availability of cancer cell lines poses another major challenge. Most studies in
this area still mainly use established cell lines at public cell repositories, such as ATCC.
Although these cell lines are relatively well-characterized, most of them have been cultured
in vitro for an extended period of time and may have lost the original molecular and

genetic characteristics [22, 26, 27]. Patient-derived cells and organoids can be an alternative,
but the characterization of these cells’ molecular and genetic features typically needs
additional effort. Moreover, the availability is significantly limited. As co-culture of stromal

Mater Today Adv. Author manuscript; available in PMC 2021 September 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Choi et al.

Page 20

fibroblasts, endothelial and immune cells have tried, challenge associated with limited cell
source become worse [27]. In addition to the cellular components, the composition and
concentration of ECM proteins are largely unknown. Although the overexpression of certain
proteins at the TME, including type | collagen, hyaluronan, fibronectin, and fibrin, has been
studied extensively, quantitative information remains rare. Limitations of available cells and
matrix materials make it difficult to create organ-specific and subpopulation-specific tumor
models. As discussed previously, the composition of tumor ECM is anticipated to vary
significantly depending on the organ and progression of tumors. For example, liver cancers
can be primary tumors, but a large percentage of tumors may also arise from metastasis

[28, 202]. It is still little known whether the matrix composition of primary and metastatic
tumors are the same or different. Moreover, the effects of age, sex, and race on tumor model
development are mostly unanswered. Temporal aspects of tumor progression remain another
gap since current models are mostly focused on the late stage of tumors.

All these challenges are associated with advancing engineered tumor models toward more
reliable and truly recapitulating the TME. Research efforts to address these challenges will
lead to next-generation engineered tumor models. These models will ultimately be used to
identify novel targets, and discover and test new and effective drugs.
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Fig. 1. Aspects of Cancer Engineering.
In developing models of cancer, cellular, matrix, and environmental engineering aspects

should carefully be considered. Significant research has been performed in each area for
accurate drug screening platforms.
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Fig. 2. Pancreatic Cancer Pathogenesis.
The schematic and mouse histology demonstrate step-wise development of pancreatic

cancer. The accumulation of driver mutations such as KRAS, CDKN21, TP53, and
SMADA4 induces the transformation of normal acinar cells to acinar-to-ductal metaplasia
(ADM), pancreatic intraepithelial neoplasia (PanIN), and eventually pancreatic ductal
adenocarcinoma (PDAC). Adapted from reference [1] with permission from Elsevier.
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Fig. 3. Proteomics of Different Tissue and Organ ECM.
A. Mass spectrometry analysis of porcine tissue samples illustrates varying organ-dependent

ECM protein compositions. B. Cell-tissue adhesion interaction vary significantly among
organs for human lung, breast, and skin cancer cell lines and control mouse fibroblast line.
Adapted from Reference [4] with permission from Springer Nature.
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Fig. 4. Synthetic Matrix Models.

(A) Schematic of 4-arm PEG-norbornene (PEG4NG) undergoes thiol-ene photo-click
reaction with multi-functional cross-linkers to form PANC-1 cell-laden PEG-based

hydrogels and PANC-1 cell morphology in PEG4ANB hydrogels cross-linked with MMP

sensitive and non-cleavable linkers after Live/Dead staining. (Scale bar: 100 pm) [101].
(B) Immunofluorescence images of COLO-357 cells showed YAP translocation was more

active in hydrogels formed with Coll at day 10 (YAP: green, nuclei: blue). Arrows indicate
co-localization of YAP and cell nuclei [102]. (C) Distribution of doxorubicin (red) in T47D

breast cancer cells (nuclei, blue), and expression of multidrug resistance (MDR1) efflux

pump (yellowish gray) cultured on Matrigel or HA-MF-Ald-IKVAV-L6 hydrogels. (Scale

bar: 50 um) [116]. (D) HepG2 cells spheroids formed within the pure collagen gels (Eg = 0.7
kPa) and within collagen-PEG gels (Eg = 4.0 kPa) (DAPI: red, phalloidin: green) (Scale bar:
50 pm) [117]. (E) OSCC-3 tumor growth in SCID mice after preculture in 3D PLG scaffolds
or on 2D plate. (Scale bar: 50 pm) [123]. (F) Morphology of PDAC cells encapsulated
in PVA/G sponge-like scaffold and in PEOT/PBT fiber mesh with hematoxylin and eosin

(H&E) staining. (Scale bar: 50 pm) [125].
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Fig. 5. Environmental Engineering Models.
A. Ductal tumor-microenvironment-on-chip (dT-MOC) mimicking PDAC microanatomy.

Invasion assays of various PDAC cell lines can reveal cell-stroma interactions. Adapted
from Reference [128]. B. Cancer-on-chip model mimicking primary mouse PDAC cell
intravasation into blood vessel. PDAC cells wrap around the blood vessel and subsequently
invade. Apoptosis (stained white) was observed among endothelial cells (stained red)
invaded with PDAC cells. Adapted from Reference [134] with permission from AAAS. C.
Patient-derived organoid model of human pancreatic stellate cells (PSCs). The basal matrix
proteins secreted by PSCs as well as tight junctions (arrowhead) and apical micro-villi are
observed in the organoids. Adapted from Reference [52] with permission from Springer
Nature. D. Cell-cell interaction in microfluidic model. Human lung adenocarcinoma
aggregates are disseminated when cultured in contact with M2a macrophages. Adapted from
Reference [152].
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Fig. 6. Microfluidic platform recapitulating mechanical condition.
A. Tumor-microenvironment-on-chip (TMOC) platform to mimic elevated interstitial

pressure during drug transport from the capillary to the interstitium. Adapted from
Reference [164]. B. Drug accumulation and penetration of Doxorubicin in TMOC for breast
cancer cells. Fluorescent images show drug uptake by cancer cells. Adapted from Reference
[165] with permission from Elsevier.
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Fig. 7. Trend in 3D modeling. Trend in 3D modeling.
Scientific publication trend for 3D tumor models in the years between 2000 and 2019.

Source: Pubmed search of original research publications with keywords “tumor spheroid
model”, “tumor organoid model”, “tumor microfluidic model”.
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Table 1.

Summary of commonly used human pancreatic cancer cell lines and their driver mutations.

Cell Line Origin Metastasis Gene Mutation References
AsPC-1 Ascites Yes KRAS, TP 53, CDKN2A/p16, SMAD4/DPC4 [203-209]
BxPC-3 Primary tumor No TP53, CDKN2A/p16, SMAD4/DPC4 [204, 207-210]
Capan-1 Liver metastasis Yes KRAS, TP53, CDKN2A/p16, SMAD4/DPC4 | [204, 205, 207, 208, 211]
Capan-2 Primary tumor No KRAS, TP53, CDKN2A/p16 [204, 205, 207, 212]
CFPAC-1 Liver metastasis Yes KRAS, TP53, CDKN2A/p16, SMAD4/DPC4 [204, 206-208, 213]

HPAC Primary tumor - KRAS, CDKN2A/p16 [204, 214]

HPAF-I1 Ascites Yes KRAS, TP53, CDKN2A/p16 [204-206, 208, 215]

Hs766 T Lymph node metastasis Yes KRAS, TP53, CDKN2A/p16, SMAD4/DPC4 | [204, 205, 207, 208, 216]
MIA PaCa-2 Primary tumor - KRAS, TP53, CDKN2A/p16 [205-207, 209, 217]

PANC-1 Primary tumor Yes KRAS, TP53, CDKN2A/p16 [204-207, 209, 218]

SU.86.86 Liver metastasis Yes KRAS, TP53 [204, 207-209, 219]
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Table 2.

Applications of native ECM proteins in PDAC modeling

Page 43

Native Matrix

Functional Characteristics

Applications in PDAC Modeling

References

mesenchymal transition [161]

drug efficacy

Collagen | . Denser collagen matrix than the normal MMP expression, cell adhesion, [73]1[74], [75] [65,
tissue [220] matrix stiffness, fibrillar structure, 76], [77, 78], [221]
. . EMT, cell migration, drug
. Linearly reorganizing resistance
Fibronectin . Increasing rigidity [222] Spheroid culture, cell migration [78, 223, 224]
. Binding collagen and remodeling fibrils
Hyaluronic acid . Promote cell invasiveness and epithelial Spheroid culture, matrix stiffness, [126, 223, 225]

Laminin . Basement membrane, promote cell Spheroid culture, cell growth [223, 227]
invasiveness [226]
Fibrin(ogen) . Coagulation cascade product Spheroid culture, PSC culture and [224, 229]
functions
. More densely packed fibrils than collagen
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