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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a devastating malignancy with one of the lowest
survival rates. Early detection, an improved understanding of tumor biology, and novel therapeutic
discoveries are needed in order to improve overall patient survival. Scientific progress towards
meeting these goals relies upon accurate modeling of the human disease. From two-dimensional
(2D) cell lines to the advanced modeling available today, we aim to characterize the critical tools
in efforts to further understand PDAC biology. The National Center for Biotechnology
Information’s PubMed and the Elsevier’s SCOPUS were used to perform a comprehensive
literature review evaluating preclinical human-derived PDAC models. Keywords included
pancreatic cancer, PDAC, preclinical models, KRAS mutations, xenograft, co-culturing
fibroblasts, co-culturing lymphocytes and PDAC immunotherapy Initial search was limited to
articles about PDAC and was then expanded to include other gastrointestinal malignancies where
information may complement our effort. A supervised review of the key literature’s references was
utilized to augment the capture of relevant data. The discovery and refinement of techniques
enabling immortalized 2D cell culture provided the cornerstone for modern cancer biology
research. Cell lines have been widely used to represent PDAC /n vitro but are limited in capacity to
model three-dimensional (3D) tumor attributes and interactions within the tumor
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microenvironment. Xenografts are an alternative method to model PDAC with improved capacity
to understand certain aspects of 3D tumor biology /n vivo while limited by the use of
immunodeficient mice. Advances of /in vitro modeling techniques have led to 3D organoid models
for PDAC biology. Co-culturing models in the 3D environment have been proposed as an efficient
modeling system for improving upon the limitations encountered in the standard 2D and xenograft
tumor models. The integrated network of cells and stroma that comprise PDAC in vivo need to be
accurately depicted ex vivoto continue to make progress in this disease. Recapitulating the
complex tumor microenvironment in a preclinical model of human disease is an outstanding and
urgent need in PDAC. Definitive characterization of available human models for PDAC serves to
further the core mission of pancreatic cancer translational research.
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Introduction

While overall cancer mortality has been decreasing for the past 30 years, the absolute
mortality from pancreatic cancer continues to increase and the disease remains an outlier
against the overall trend. Pancreatic ductal adenocarcinoma (PDAC) is the most common
type of pancreatic malignancy and one of the most lethal malignancies worldwide (1,2). By
2030, PDAC is expected to surpass colorectal cancer as the second leading cause of cancer-
related deaths in the United States (3). The 5-year survival rate for PDAC remains a dismal
7-8% (4). At diagnosis, approximately 50% of patients have metastatic disease (5). PDAC
most frequently metastasizes to the lungs, liver, and peritoneal cavity (6). With therapeutic
intervention, the median survival for unresectable patients is between 6 and 11 months.
Surgically resected patients have a longer median survival between 25 and 28 months (7).
Although patients who are resected have a longer median survival, they represent less than a
third of newly diagnosed patients (5). Most patients undergoing surgical resection ultimately
have disease recurrence, with up to half of recurrences happening within the first year after
resection (1). Lack of specific symptoms and a lack of an early screening test contribute to
the advanced disease stage of most newly diagnosed patients (8,9).

Current systemic standard of care treatment options offer limited therapeutic efficacy (10).
Patients are currently treated with standard chemotherapeutic regimens despite the
heterogeneity seen in PDAC tumor response (1). Current standard regimens include
gemcitabine/nab-paclitaxel and FOLFIRINOX (leucovorin, 5-fluorouracil, irinotecan,
oxaliplatin) (11). A previous study in metastatic colorectal cancer suggested patients with
certain mutations, including the ubiquitous mutation in PDAC, KRAS, do not benefit from
certain drugs currently given in treatment plans (12). While KRAS is the most common
driver mutation in PDAC, individual tumors behave differently, particularly in their response
to chemotherapy (13). Recognizing this biological heterogeneity is important when
evaluating an evolving approach to precision therapies.
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Modeling PDAC in a research setting is challenging because it is difficult to represent the
complex microenvironment ex vivo. Pancreatic cancer is uniquely paucicellular in the setting
of a dense stroma with tumor cells having significant interactions with other components of
the microenvironment including cancer-associated fibroblasts (CAFs), immune cells,
neurons, microvasculature, and the extracellular matrix (14). Table 1 describes current
challenges in accurately modeling PDAC (15,16). This manuscript describes the options in
human models of PDAC and discusses how these models can be applied to translational
research with an eye towards the clinical care of patients stricken with this disease.

A comprehensive database review was undertaken of the NCBI PubMed, Google Scholar,
and Johns Hopkins Welch Medical Library (powered by SCOPUS) resources for peer-
reviewed manuscripts with search terms including: pancreatic cancer, PDAC, co-culturing,
co-culturing PDAC, co-culturing fibroblasts, co-culturing lymphocytes, PDAC
immunotherapy, KRAS mutations, KRAS PDAC, pharmacotyping, preclinical models,
organoids, and xenografts. In total, 376 unique records were identified by our comprehensive
review. Screening of these articles demonstrated the ubiquity of the use of human-derived
models in PDAC cancer-biology research, particularly two-dimensional (2D) models of
disease. Figure 1 shows the PRISMA flow chart accounting for this methodology (17).
Initially, only articles related to pancreatic cancer were included, but the search was later
expanded at the investigator’s discretion to other gastrointestinal malignancies. A secondary
search was also done by review of manuscript references from the primary articles originally
sourced.

2D human cell lines

The first 2D cancer cell line was established at Johns Hopkins University in 1951 from a
patient with cervical carcinoma (18,19). The techniques and ethical considerations from this
experience have been discussed at length in both the research and lay press. The first
pancreatic cell line was established almost 10 years later in 1963 (20). This technological
advance changed the field of cancer biology research in fundamental ways. An immortalized
cell line with stable phenotype and with the capacity to propagate on a culture plate gave rise
to a plethora of novel reproducible research methods to study molecular biological processes
as they relate to cancer (19). Since the 1960s, 2D cell lines have helped scientists understand
how tumor cells arise, proliferate, migrate, and ultimately metastasize. Other advantages of
using 2D PDAC cell lines are that they can be easily grown in large quantities, cultured
quickly, transplanted into mice as xenografts, and, in the modern era, subjected to genetic
screening (14).

2D cell lines have been studied extensively to understand tumor cell biology. Human
pancreatic cancer (HPAC) was amongst the first lines to be widely used in contemporary
research and was established by Gower and colleagues in 1985. Notably, the line was often
used with a translational focus seeking data on unique therapeutic sensitivities in pancreatic
cancer. It was the first PDAC line discovered to have a functional glucocorticoid receptor
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which, when treated with glucocorticoids, abrogated proliferation of the cell line. This
finding suggested that glucocorticoids may have a functional role in the growth of pancreatic
cancer tumors and set the stage for future cell-line based drug sensitivity work in PDAC
(21). While this work failed to account for the inherent heterogeneity in PDAC disease
biology or therapeutic response, it would evolve into translational work supporting the
current chemotherapeutic backbones of systematic PDAC.

As molecular biology work shifted to a focus on genetic drivers of disease, 2D cell lines
played a pivotal role in studying PDAC. This is largely because the dense stromal nature of
primary human PDAC limited the yield of direct tumor sequencing in the early days of the
Sanger method. Therefore, 2D cell lines served as the prototypical model of human PDAC
and were used in initial efforts to identify the core signaling pathways in PDAC and lower-
frequency mutations that represented potential therapeutic targets in this disease (22). It was
from this work that the unique genetic signature in PDAC was appreciated, as cell lines were
found to have almost universal KRAS mutations alongside a heterogeneous profile of
associated mutations. The heterogeneity in associated mutations eventually lead to the
hypothesis that, outside the discovery of a KRAS targeted therapy, heterogeneity could be
expected in a tumor response to cytotoxic therapy (23). As a deeper appreciation was gained
between the chemotherapeutic sensitivity in ex vivo models and the clinical response of a
tumor, the study of 2D cell lines helped to usher in the era of multi-agent chemotherapy.
Fountzila et al., for example, compared the effect of single agent exposure and drug
combinations on the proliferation of MIA PaCa-2 cells and noted an additive inhibitory
effect after cells were exposed to both Vincristine and Alizarin (24). Similarly, there was an
additive inhibitory effect after cells were exposed to Vincristine and Adriamycin 6 hours
apart (24). Ultimately, the concept of therapeutic synergy in multi-agent chemotherapeutic
administration has resulted in the routine use of gemcitabine/nab-paclitaxel, or alternatively
5-fluorouracil/irinotecan/oxaliplatin, as standards of clinical care in pancreatic cancer.

Though 2D cell lines can be used for genomic and sequencing investigations, over the past
several decades there remains a limited number of well-established and commonly used
patient-derived PDAC lines in translational research. Table 2 shows seven cell lines that are
currently available through the American Type Culture Collection (ATCC) (21,24-31). To
diversify available cell lines, it is also possible to establish primary cell lines from patients
presenting to academic medical centers, but procedural volume is varied across centers,
patient consent must be obtained, and successful primary cell line establishment can be
challenging (32).

The challenges of successful line establishment are likely a result of the dramatic changes in
growth conditions that accompany a transition from the environment /n vivoto ex vivo. The
establishment of 2D cell lines, grown over a base of plastic, induce the loss of tumor cell
heterogeneity and cell polarity. The fundamental architecture that supports tumor cell growth
is altered as compared to the primary tumor /n vivo (14). Further, cells that are repeatedly
passaged may not accurately represent the primary tumor (33). Genetic drift in cell lines
causes a different effect on morphology and gene expression in the passaged cell line as
compared to the primary tumor. Thus, using the same line continuously over several decades
may not truly represent the primary tumor.
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A large portion of PDAC primary tumor mass is comprised of a dense fibrotic stroma which
is not represented in 2D culture. Culturing malignant ductal cells in 2D eliminates the ability
to examine tumor-stromal interactions as immune cells, fibroblasts, and adipocytes are not
included in the culture (31). 2D PDAC cell lines provide accessible models for studying
tumorigenesis and progression as well as characterization of malignant cells, but they do not
mimic the complexity of pancreatic cancer. Further, 2D cell lines may be limited in their
potential to evaluate therapeutic efficacy because they lack a representative tumor
environment. Prospective uses of 2D cell lines are commonly utilized in modern scenarios to
understand disease biology through changes in gene expression, mRNA splicing, and the
biochemistry of cells. They are also easily adapted for studies investigating metabolism,
viability, and proliferation (32).

A xenograft is a tissue transplanted from one organism to another. The cells can be
implanted orthotopically or ectopically (commonly subcutaneously) (34). Patient-derived
tissues from primary tumor biopsy or resection, as well as human 2D cell lines, can be
implanted into immunodeficient mice. A common immunodeficient strain used in xenograft
studies is the NOD scid gamma (NSG) mouse (35). The two types of xenografts are
commonly termed patient-derived tumor xenografts (PDX) and cell line-derived xenografts
(CDX). Since CDXs are often generated from established cell lines, they are limited by
some of the same barriers to generalization as their monolayer 2D cell lines of origin such as
loss of tumor cell heterogeneity and a questionable capacity to re-establish polarity (33).
There is also a limited correlation between CDXs and primary tumor histology (36). The
PDX model offers a more comprehensive way to represent human PDAC since it implants a
piece of three-dimensional (3D) tissue directly from a primary tumor (37). Garber et al.
showed that PDX models better represent response to therapeutic intervention than CDX
models and posited this may be due to a tumor microenvironment comprised of more
‘native’ tissues carried over in the PDX model (38). Overall, the PDX model has generated
intense interest in translational researchers as a potential patient-specific avatar in precision
medicine efforts to identify unique therapeutic sensitivities (39).

There are several limitations to consider with xenografts. First, a PDX model typically
requires significant amounts of starting tissue and can be resource intensive (40-42). Even
with an aggressive primary tumor, it is not uncommon for PDX generation to require up to 6
months of growth and a series of mice (43). This timeline is not realistic for precision
medicine initiatives when the goal is to evaluate therapeutic efficacy in real time to aid in
clinical decision making (44). Second, the success rates for de novo PDX models can be
lower than that of cell line establishment, an area driven by unknown factors. Third, Delitto
et al. have described infiltration with murine stroma in PDX models (45). With
immunodeficient mice, an additional limitation is that the PDX model does not accurately
recapitulate the interactions with the immune component of the tumor microenvironment
(46). The use of mice as /n vivo avatars of disease biology is an increasingly studied topic.
Xenograft models do offer an opportunity to evaluate the efficacy of pharmacological
interventions in a more complex biological system than that which can be mimicked in two-
dimensions. One notable limitation, however, is in the recognition of the role that the
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immune system may play in chemotherapeutic and small molecule therapeutic efficacy.
Additionally, the study of immuno-oncologic interventions are not possible in these
humanized models (44).

An ongoing challenge in tumor modeling is accurately representing the 3D architecture of
the primary tumor (34). Attempts to maintain organs ex vivo have been ongoing since 1938
when a cat pancreas was kept viable using a perfusion pump (47). Years later, this led to the
discovery and utilization of artificial 3D matrices to enable the development of polarized
cellular structures derived from human tumors. Spheroids, or 3D cultures in an artificial
matrix, are principally derived from existing 2D cell lines that are embedded and allowed to
propagate in layers or domes of collagen and/or Matrigel®. These cells are allowed to self-
organize and demonstrate cell-cell, cell-microenvironment, and cell-matrix interactions that
are more varied and nuanced than their 2D culture equivalents (48). The model was
developed and popularized to address several challenges in the culture space as it relates to
cell polarity and 3D architecture. Established cell lines can be readily propagated in artificial
matrices and tend to coalesce together in a manner that seems to approximate that visualized
in the human disease. Advantages of this approach are that tumor cell interactions and
polarity are preserved and hypothesized to more accurately recapitulate the /n7 vivo condition
with the potential for more accurate therapeutic sensitivity testing in the 3D architecture
setting (49-51).

Since spheroids originate from 2D cell lines, much like CDXs, a disadvantage is that their
clinical//n vivorelevance may be limited by concerns over clonal expansion, limited success
of establishing 2D cell lines from human PDAC and the time it takes to establish well-
growing lines (33). One hypothesis would posit that the more complex a model is, the more
representative it may be of the /n vivotumor from which it’s derived. While PDXs have the
benefit of a more complex biological system, they are often expanded in a heterotopic
position with a stroma that is a hybrid of mouse and human derived components as well as a
lack of an immune infiltrate. Organoids and spheroids can be established, expanded,
characterized and manipulated more rapidly when compared with PDXs, but are also limited
by a mimic of the /n vivo surrounding tumor microenvironment. Also, previous studies
suggest the 2D cell line derived spheroids no longer retain the capacity to accurately mimic
the polarity that would have been seen in the primary tissue. For example, Tsai ef al. showed
this using PANC-1 as a monolayer cell line to generate spheroids and compared it to an
organoid grown from a primary tumor. Data suggest that the apicobasal polarity evident in
the organoids derived primarily from patient tumors was absent from the spheroid cultures
derived from previously established 2D lines (44).

An evolving use of spheroids in PDAC is their use in co-culturing models in which 3D
models are derived to study the interaction between cancer cells and components of the
surrounding stroma. In general, single cell line organoid/spheroid generation is the mainstay
of biomass expansion. Secondary co-culture methods typically arise after establishment of
single cell-line components to date. An exception is the use of organoid establishment
methods for tissue characterization before the first passage. This technique invariably
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balances epithelial cell establishment and growth with some degree of apoptosis/anoikis of
the other components of the tumor microenvironment that are not supported by factors
within the culture conditions or media used (52).

3D human organoids

From spheroids, a natural progression for modeling human PDAC is with 3D organoids. The
term ‘organoid’ was coined in part from the ability to be “organ-like” and mimic the tumor
environment of the system from which the primary tissue is derived. The presumed
difference between spheroids and organoids, used by most translational researchers, is that
organoids are established primarily from enzymatically or mechanically dissociated tumor
specimens whereas spheroids are established from existing monolayer (2D) cell lines (33).
Organoid cultures, similar to spheroids, have two basic components: a 3D scaffold or matrix
through which primary tumor derived tissue can propagate (typically Matrigel® or collagen)
and a nutrient-rich growth-factor medium (1). Organoids may be generated from either a fine
needle biopsy or resected tumor specimen. Labs with extensive experience cite success rates
between 75-95% for organoid generation from either surgical resection or endoscopic
biopsy (1). Previously, organoids have been used to model the mammary gland, colon, liver,
small intestine, and stomach (40,53-56).

Similar to 2D cell lines, established organoids can be cryopreserved, stored long-term in
liquid nitrogen, and regrown after thaw to reestablish culture (14). Patient-derived organoids
(PDOs) are thus a model with a high enough success rate that it is a reasonable approach to
consider to supplement fixed tissue biobanking efforts (1). An additional advantage to tumor
organoids is that they can be passaged indefinitely for continuous study and experimentation
to validate findings. In the 3D model, an added resource is possible in that growth factor
supplementation allows for organoids to be derived from normal, non-cancerous tissues.
These can be grown in parallel with tumor organoids as a control to compare morphological
similarities and differences, but importantly, are not immortalized and the culture is
eventually lost (usually within the first 5-10 passages) (57). Figure 2 shows the different
applications of organoids (1,58).

The molecular methods used to study organoids are similar to those previously developed to
investigate genetic, proteomic, biochemical, and transcriptional profiles in 2D lines (58).
Weeber et al. completed sequencing of organoids 2—-3 months after generation from
metastatic sites of 14 patients with colorectal cancer. The organoid success rate from the
metastatic biopsies was 71%. Sequencing data revealed that the organoids shared 90% of the
somatic mutations with the metastatic site from which they were derived. An analysis
comparing the DNA profiling of the primary tumor and the resulting organoids demonstrated
a correlation of 0.89 (59). Driehuis et al. similarly demonstrated comparable morphological,
histological and genetic features between 30 PDO lines and corresponding primary tumors
(11). PDAC organoids, similarly, have been demonstrated to have a mutational profile
consistent with that discovered when sequencing primary disease. Organoid phenotype also
appeared to accurately reflect the morphological appearance of PDAC primary tumor seen
on final histopathologic analysis (60).
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The clinical response of PDAC patients to chemotherapy treatment has been inconsistent and
unpredictable (1,60). Leveraging ex vivo organoid growth and chemotherapy testing to
inform clinical care is one putative avenue of precision medicine in PDAC. Ex vivo organoid
drug testing, or pharmacotyping, has been evaluated in both colorectal cancer and PDAC as
a tractable method of personalized drug screenings and dosage profiling (1,60-62).

The median time required to complete organoid establishment and pharmacotyping can be
less than 2 months in PDAC and is dependent, in part, on the quantity and quality of tumor
mass available for organoid establishment (11). In patient’s undergoing surgery, for example,
the process can be completed in its entirety during the patient’s post-surgical recovery period
to assist in the selection of adjuvant therapy. This approach demonstrates a clinical relevance
that has not been demonstrated to date by other methods of patient-derived ex vivo culture
methods. Further, the heterogeneity of a primary tumor can be preserved in early PDO
establishment as van de Wetering ef a/. demonstrated using a study of mutational profiles in
gastrointestinal cancers (63,64). This current new approach may facilitate the shift from
population-based medicine to personalized medicine as a potential method to maximize
treatment efficacy in difficult-to-treat gastrointestinal tumor types. The utility of organoids in
PDAC research is broad with researchers leveraging the technique to study many aspects of
disease biology. This includes research centering on gene expression, transcriptional
regulation, epigenetics, metabolism, chemotherapeutic sensitivity and therapeutic resistance
mechanisms. It is these last two that also give rise to an interest in leveraging organoid
technology for precision approaches to therapy in this disease (64).

There are several limitations which remain when considering organoid based translational
research and clinical utilization. First, PDO establishment from patients who have received
neoadjuvant therapy remains difficult, likely owing to less viable tissue at the time of
resection (33). Additionally, Matrigel®, collagen, and the nutrient-rich growth medium
required for organoid culture can be cost-prohibitive. Matrigel® and collagen are also
subject to composition variation between lots which require frequent testing to maintain
consistency in experimental design and implementation (65). The difference in composition
of reagents also makes comparison of data across different laboratory settings challenging.
Certain components of the growth media are derived by conditioning media overlaid atop a
genetically engineered cell line, introducing variability in the process there as well. These
factors, including Wnt3a and R-spondinl, are essential components of the organoid growth
medium and variations in level may influence cellular metabolism and signaling, an
important consideration when planning experiments (66).

In comparison to 2D models of disease, organoid models are able to accurately recapitulate
the 3D architecture of the primary tumor. In the past, epithelial cells have been the focus of
organoid work in PDAC. In embedded organoid models, the immune component, endothelial
cells, and fibroblasts have typically not been propagated in culture (67,68). Improving
representation of tumor heterogeneity requires development of co-culturing methods to
include stromal components.
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Co-culturing

Up to 90% of total tumor volume in PDAC can consist of supportive tissue and components
of the tumor microenvironment (69). Supportive tissue can consist of CAFs, native
components of the pancreatic connective tissue, the lymphatic vasculature, immune
infiltrative cells, and deposited stroma. Cancer cells /n vivo communicate with different
components of the tumor environment to further support tumor proliferation and migration.
These interactions between the microenvironment and tumor cells occur through physical
contact and paracrine signaling (70). The extracellular matrix provides structural support for
the tumor and is composed of collagen, enzymes, and proteins. Besides mechanical support,
the extracellular matrix is also remodeled and selected components are leveraged to support
physiological repair and tumor development (71).

CAFs are central to PDAC stroma and contribute to the regulation of cytokines, tumor
growth factors, and immune infiltrate into the pancreatic cancer tumor microenvironment
(72). Prior studies showing the complex interaction between tumor cells and the
microenvironment suggested CAFs can play either a tumor supportive or tumor suppressive
role (73,74). More recent data suggest CAFs can recruit regulatory T-cells into the tumor
(75). Bachem et al. showed myofibroblast-like activated pancreatic stellate cells release
mitogens for the proliferation of the cancer cells. Additionally, studies of tumor organoids
suggest that CAFs may enhance the proliferative capacity for adenocarcinoma (76).

In considering an optimal multi-component model system, data from Tsai et al/. suggest CAF
heterogeneity may be induced by ductal co-culture with organoids from primary tumor as
evidenced by differential expression of smooth muscle actin, a characteristic of
myofibroblast-like activated pancreatic stellate cells (44). Co-culturing CAFs with organoids
increased CAF expression of tumor promoting factors in a manner that was distinct from
CAFs not co-cultured with organoids (70). Biffi et al. demonstrated using organoid-CAF co-
cultures that TGF-beta and IL-1 were critical regulators of CAF heterogeneity when cultured
in close physical proximity to a tumor organoid (77). These data suggest that models
embracing a 3D approach to growth, which maintains cell polarity and cell-environment
interaction through physical contact, are particularly important for translational research
progress in the future. Understanding the mechanisms of tumor-CAFs crosstalk and the
impact on tumor proliferation may provide new opportunities to identify prospective targets
in the tumor stroma to manipulate with therapeutic intent.

While CAFs are key contributors to the tumor microenvironment, there are other cell types
that also play important roles and could be adapted for use in co-culture with ductal
organoids. For example, PDAC tissues demonstrate evidence of an acquired immune
suppression caused by the upregulation of multiple pathways (78). Understanding these
pathways may help distinguish why the results of past immunotherapy trials in PDAC have
been discouraging (79). Current studies are examining interactions of organoids with other
components of the tumor microenvironment by evaluating chemokines, cytokines, and
microRNAs (80,81). Some of this work is focused on tumor angiogenesis including vascular
endothelial growth factor and platelet-derived endothelial cell growth (82,83). There have
been few widely adopted co-culture models representing the tumor lymphatic vasculature
and differential nutrient delivery ex vivo, so further studies are warranted to continue to
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develop our understanding of complex interactions within the tumor microenvironment (84).
Finally, a comprehensive multi-component model allowing for fibroblasts, immune
infiltrates and components of the lymphatic vasculature environment will likely mature in
future to provide insights into the role of these components in tumor progression and
immunosuppression (67,85).
Discussion

A dense desmoplastic stroma and cellular heterogeneity contribute to the challenges of
effectively modeling PDAC. These are important considerations when selecting models to
improve our understanding of tumor biology and develop new therapeutics. Current
approaches identifying reliable biomarkers and drug discovery in pancreatic cancer are
hindered by the inability to replicate the tumor with adequate fidelity and an absence of the
capacity to robustly model the tumor microenvironment ex vivo. Table 3 compares the
different cancer modeling systems discussed in this review.

2D cell lines have been used extensively to identify crucial PDAC mutations and to assess
core hypotheses about the molecular mechanisms driving human disease. Xenograft cultures
have been leveraged to assess characteristics of the human disease in a 3D /n vivo setting
with a focus on mechanisms impacting the tumor microenvironment. Although an ex vivo
model, 3D organoid cultures established from surgical resections and tumor biopsies are
genetically comparable to the phenotype of the primary tumor and are a flexible model for
molecular and functional studies. In fact, single-cell DNA and RNA sequencing has shown
similarities between the organoids and primary tumors (14). PDOs have shown feasibility as
a modality for precision medicine and pharmacotyping, and may be used to inform
personalized treatment plans (62,86).

Modeling the tumor microenvironment in a comprehensive way requires further study to
realize a comprehensive ex vivo model of PDAC; therefore, it is key to consider CAF and
immune cell populations, their relative frequency in the tumor microenvironment, and the
relationships between cell density and tumorigenicity. Immune cell representation is
especially important in the study of the emerging field of immunotherapy and its adaption
for use in PDAC (44). Future PDAC modeling will be increasingly complex and
comprehensive, as there is increasing interest in stromal biology and recognition of its
important role in tumorigenesis and tumor progression. In recognizing the paucicellular
component of PDAC tumor mass is comprised of epithelial cells, it is becoming increasingly
important to account for the stromal biomass in translational research initiatives. Expanding
co-culture techniques is becoming more feasible as genomic technology is increasingly
capable of dissecting heterogeneous cellular populations to single-cell resolution. The
advancement in single-cell and spatial genomic technologies also provides new
opportunities to characterize tumor-stromal interactions. This will provide insight into the
role each cell plays in the overall tumor biology.
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Potential applications of organoids. Organoids can be cultured from surgical specimens or
biopsies and used for histological analysis, drug screenings, genetic analysis, co-culturing

models, and cryopreservation (1,58).
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