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Simple Summary: New treatments are urgently needed for pancreatic ductal adenocarcinoma be-
cause it is one of the most aggressive and lethal cancers, detected too late and resistant to conventional
chemotherapy. Tumors in most patients feature a similar set of core mutations but so far it has not
been possible to design a one-fits-all treatment strategy. Instead, efforts are underway to personalize
the therapies. To find the treatments that might work the best for each patient, entirely new exper-
imental platforms based on living miniature tumors, organoids, have been developed. We review
here the latest international findings in designing personalized treatments pancreatic cancer patients
using organoids as testing beds. Our own work adds important clues about how such testing could,
and perhaps should, be conducted.

Abstract: Pancreatic ductal adenocarcinoma (PDAC) is a silent killer, often diagnosed late. However,
it is also dishearteningly resistant to nearly all forms of treatment. New therapies are urgently needed,
and with the advent of organoid culture for pancreatic cancer, an increasing number of innovative
approaches are being tested. Organoids can be derived within a short enough time window to
allow testing of several anticancer agents, which opens up the possibility for functional precision
medicine for pancreatic cancer. At the same time, organoid model systems are being refined to better
mimic the cancer, for example, by incorporation of components of the tumor microenvironment.
We review some of the latest developments in pancreatic cancer organoid research and in novel
treatment design. We also summarize our own current experiences with pancreatic cancer organoid
drug sensitivity and resistance testing (DSRT) in 14 organoids from 11 PDAC patients. Our data
show that it may be necessary to include a cell death read-out in ex vivo DSRT assays, as metabolic
viability quantitation does not capture actual organoid killing. We also successfully adapted the
organoid platform for drug combination synergy discovery. Lastly, live organoid culture 3D confocal
microscopy can help identify individual surviving tumor cells escaping cell death even during harsh
combination treatments. Taken together, the organoid technology allows the development of novel
precision medicine approaches for PDAC, which paves the way for clinical trials and much needed
new treatment options for pancreatic cancer patients.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive malignancy with an over-
all 5-year survival rate of 9% [1]. At the national level in Finland, median survival in
patients undergoing radical pancreatectomy increased from 20 months during the years
2000–2008 to 28 months in 2009–2016 [2]. While radical surgery serves as the only poten-
tially curative treatment, the resulting 5-year overall survival only increases to 20–30%.
Most patients (80–90%) are diagnosed with locally advanced or metastatic disease, with
only 10–20% eligible for surgical resection. Patients with borderline disease are treated
with neoadjuvant cytotoxic chemotherapy before surgical resection, with most receiving
adjuvant chemotherapy [3]. With locally advanced or metastatic disease, the combina-
tion therapies of gemcitabine/nab-paclitaxel or FOLFIRINOX (5-fluorouracil, leucovorin,
irinotecan and oxaliplatin) are used [4,5]. Neither of these chemotherapy combinations
have emerged as superior to the other, but they each carry distinct adverse effect profiles,
whereby FOLFIRINOX is considered more toxic [6,7].

PDAC is a rather heterogeneous disease with multiple oncogenic mutations. Over 90%
of PDAC tumors have a mutation in oncogene KRAS. Other commonly mutated genes with
study-dependent prevalence rates include tumor-suppressor genes CDKN2A (49–98%),
TP53 (20–76%) and SMAD4 (19–50%), along with many other gene alterations detected at a
lower prevalence [8,9]. A single tumor may harbor numerous mutations, although variation
between different tumors remains high. Target therapies have thus been difficult to develop.
Of 1856 patients with PDAC enrolled in the Know Your Tumor personalized clinical trial,
282 patients harbored actionable mutations [10]. Of 189 patients with evaluable outcomes,
46 had an improvement of overall survival when given molecularly matched treatments
compared to 143 patients receiving unmatched therapies [10]. Furthermore, only 4–7%
of patients with BRCA1/2-mutated tumors have a marked response to treatment with
platinum-based chemotherapy [8,11]. These findings argue for continued development of
personalized treatment approaches that do not rely solely on genetic information.

More recent developments in PDAC tumor classification include the establishment
of transcriptional typing, which has emerged as the preferred method for benchmarking
personalized treatment efforts [12,13]. Seminal studies by Collisson [14], Moffitt [15]
and Bailey [16] each attempted to categorize cases by their relative positioning along a
flexible epithelial–mesenchymal axis, progressively accounting for the stromal components
(Bailey enriched epithelial cells to over 40%). Two partially overlapping primary subtypes
have emerged from these studies: (1) the classic/stable/progenitor subtype, and (2) the
quasi-mesenchymal/basal/squamous subtype. Among these, “basal-like” tumors are less
differentiated and are associated with worse prognoses than “classic” tumors [15,16]. A
potential bias in the transcriptional signatures may result from the smaller number of
metastatic tumors sampled compared with primary tumors.

Due to the tumor heterogeneity and a lack of target therapies, precision medicine has
received much interest. In 1975, Wright and Walker [17], for instance, described one of the
first experimental models to evaluate the differential potency of anticancer agents, selecting
agents for different cancer types and/or patients—that is, precision medicine. In recent
years, a new three-dimensional primary PDAC-culturing model termed patient-derived
organoid (PDO) was developed [18]. PDOs serve as platforms for drug sensitivity and
resistance testing (DSRT), which aids in the discovery of novel effective treatments for
PDAC patients and can provide new potential diagnostic biomarkers for the disease.

In this article, we first review the current PDAC model systems, summarized in
Figure 1, and focus on PDO models and their applications. In Section 5, we then present
the technical development of and initial results from our own pancreatic cancer organoid-
based DSRT.
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 Figure 1. Summary of past and current experimental pancreatic cancer models for development of
new treatments. Cell lines constitute the simplest models, while PDOs have begun to replace them in
drug sensitivity and resistance testing studies. Several groups are designing controlled multi-cell-type
organoid co-cultures, miniature tumors, with the aim of mimicking/maintaining the molecular tumor
features as accurately as possible.
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2. Traditional PDAC Models
2.1. PDAC Cell Lines

Pancreatic cancer cell lines represent a traditional means of studying cancer. The first
PDAC cell line was established in 1963 [19]. Cell lines are easy to grow but carry many
disadvantages and limitations in the study of PDAC. First, growing cells in a monolayer
on plastic does not mimic the physical conditions in tumors, where cells are under heavy
pressure and mechanical strain. Second, the cell lines lack stromal cells, thereby not
reflecting the physiological conditions. Third, others have noted that during cell line
establishment, more aggressive clones are selected, and cell lines acquire an increasing
number of mutations with passage [20,21]. Furthermore, while the most commonly used
commercial PDAC cell lines differ in phenotype and genotype [21], these and nearly all
other PDAC cell lines studied represent the basal-like class, indicating that they represent
only a specific disease subtype [15,16]. Accordingly, cell lines become poor representations
of the original tumor specimen. This problem is compounded by the fact that normal
pancreatic ductal cells are difficult to culture, further hampering comparison between
healthy and malignant tissue samples.

PDAC cell lines can be cultured in 3D by preventing the cell from attaching to the
bottom of the plate. The resulting 3D spheroids may mimic the physiological conditions
better than a 2D model, allowing for model cell-to-cell interactions. Spheroids are a robust
tool in drug testing and invasion studies [22,23], and also enable 3D co-cultures with
stromal cells [24,25]. However, as with any cell line-based model, spheroids also reflect
only a fraction of the molecular diversity found in real tumors.

2.2. Patient-Derived Xenografts

In xenograft models, pancreatic cancer cells are planted either ectopically or orthotopi-
cally into immunodeficient mice. In patient-derived tumor xenografts (PDXs), tumors are
developed from transplanted patient samples. These tumors maintain the tumor architec-
ture, morphology and molecular properties of the primary tumors. More significantly, they
can be used in primary PDAC cell line derivation.

PDXs allow for the evaluation of neoplasia progression, ultimately aiming to identify
new potential biomarkers. In addition, xenografts can be used as a model for in vivo phar-
macodynamic testing, as noted in many studies where drug responses to PDX match patient
clinical outcomes [26]. However, PDX models remain expensive and time-consuming, lim-
iting their use in clinical settings [27]. Some genetic drift that is typically not detected in
cancer patients has also been observed to occur in PDX models for some tumor types [28].

One alternative to the mouse model is establishing PDX in zebrafish embryos [29].
Zebrafish embryos have a short generation of only several days, carrying a relatively low
cost in comparison with PDX in mice. In addition, zebrafish embryos have been used in
DSRT for several types of cancers, including PDAC [30–32].

2.3. Genetically Engineered Mouse Models

Using genetic engineering techniques, specific gene mutations can be induced in
primary oncogenes or tumor suppressor genes in mice, leading to the development of
pancreatic tumors. This type of model, known as a genetically engineered mouse model
(GEMM), enjoys wide use in the study of tumor progression, from precancerous lesions,
pancreatic intraepithelial neoplasia (PanINs), to full-blown carcinoma [33,34]. One of the
most widely used PDAC GEMMs is the KPC mouse, which generates through pancreas-
specific Pdx1-promoter-driven expression of oncogenic KrasG12D and Trp53R172H alleles
spontaneous PDAC-like tumors [33,34]. The KPC tumors are hallmarked by heavy fibrosis,
and they also metastasize. However, GEMM is expensive and time-consuming. Addition-
ally, tumors are typically of a murine origin, creating caveats when translating findings
to human cancer. GEMM tumors grow from cells carrying a limited number of defined
mutations, which can be desirable from a mechanistic perspective. It remains unclear
how well GEMMs mirror the gradual oncogenic processes and intermittent tumor pruning
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present in cancer patients. Concerns have been raised that immunoediting, in particular,
may be lacking in the KPC model [35].

3. Pancreatic Cancer Organoids
3.1. Organoid Technology

Cell lines have proved valuable as platforms for disentangling molecular mechanisms,
although the quest for physiological models truly predictive of clinical responses in patients
continues. Organoid technology, first introduced in 2009, relied on mouse small intestinal
cells cultured from stem cells [36]. This was followed by the development of PDOs derived
from pancreatic tissue in 2013 [37], and subsequently from other murine and human
gastrointestinal epithelial tissues [38]. In 2015, human pancreatic cancer PDOs were first
established as a result of collaboration between the Clevers and Tuveson laboratories [18].
The PDO process begins with the creation of a single- or few-cell suspension of tumor
tissue using enzymatic digestion and/or mechanical dissociation. Cells are embedded in a
physiological matrix, where they expand into multicellular structures. In the case of healthy
cells, organoids often become hollow with a clear luminal–apical arrangement, potentially
resembling the ductal structures of the pancreas, while cancer cells form both compact and
hollow structures of varying sizes [37,39].

In order to achieve mesenchymal signaling, PDOs are cultured in serum-free media
with supplemental growth factors that activate the Wnt–Lgr5–Rspo axis, which leads
to the proliferation and unlimited expansion of PDAC cells [37]. Supplemental growth
factors in culture medium consist of EGF, FGF10, Rspo1, Noggin, Wnt3a, nicotinamide,
N-acetylcysteine, gastrin, B27 supplement and A83-01. Additionally, normal human pan-
creatic PDOs require prostaglandin E2 [40]. In protocols developed by the Muthuswamy
and Skala groups, PDOs were cultured in media lacking Wnt ligands [41,42]. Interestingly,
Sato et al. [43] discovered both Wnt niche-dependent and -independent PDO subpopulations,
along with a Wnt independency correlating with tumor progression. This suggests that using a
Wnt ligand-free culture medium preselects more aggressive PDAC organoid subpopulations.

The protocol developed by the Clevers and Tuveson groups enabled the long-term
propagation of PDOs [44]. The primary limitation of this protocol is the disappearance of
stromal cells after some passages, resulting in ductal cell monocultures. This makes it harder
to model interactions between stromal and ductal cells, and tumor microenvironment
studies require adding the stromal and immune cells separately to co-cultures. Furthermore,
the clonal heterogeneity in cancer organoids may change with passages and should be
checked against the tumor sample to ensure representativeness. In comparison, the protocol
by the Skala group enables the preservation of fibroblasts in PDO cultures [42]. Moreover,
Kuo reported using an air–liquid interface in the PDO formation from murine cells [45].

3.2. Organoid Culture Conditions and Success Rates

Several characteristics of PDO cultures continue to complicate organoid isolation and
successful propagation. First, a Wnt-conditioned medium, needed for the preparation
of an organoid culture medium, is traditionally prepared by Wnt-overexpressing cells.
This preparation method results in a high variation between batches, while the activity
of Wnt should be measured as a quality control. Additionally, the secretion of active
Wnt requires fetal bovine serum, which is detrimental to organoid cells. Recently, the
glycoprotein Afamin was found to form a stable complex with Wnt proteins [46]. This
discovery led to the production of a serum-free Wnt-conditioned medium featuring more
stable concentrations of active Wnt3a. Another study reported the stabilization of Wnt3a
using soluble lipid carriers [47].

Beyond improving the culture medium, another means of improving PDO cultures
lies in the matrix used. Generally, basement membrane-based matrices (Matrigel or Cultrex)
are used. However, the animal origin and variation between batches result in problems in
their usage. That said, new gel matrices are being developed, including hydrogels derived
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from pancreatic tissue [48]. Some studies have reported the successful use of hydrogels in
PDO cultures [49,50].

Despite these problems concerning PDO culture conditions, success rates related to
deriving long-term cultures over several passages remain better than those for 2D cell
lines. In an initial study reporting the establishment of PDOs, the Clevers and Tuveson
laboratories achieved success rates of 75% and 83%, respectively, for organoid isolation [18].
Two failures to establish organoid cultures were ascribed to a high stromal cell proportion
and fibrosis of the tumor sample in one case and extensive necrosis following neoadjuvant
therapy in another case. In a subsequent study conducted by the Tuveson group, a success
rate of 78% was reported for surgically resected specimens [51]. In a recent study by
Georgakopoulos et al. [50], PDOs were cultured in an optimized serum-free medium
resulting in a success rate exceeding 90%.

PDOs have also been established from fine-needle biopsies, whereby one study re-
ported an initial success rate of 87% in establishing primary organoid cultures, followed
by attrition from unknown causes resulting in an ultimate long-term success rate of 66%
for organoids beyond five passages [52]. This represented a rather significant achievement
since, previously, organoids were primarily established from surgical specimens, which
contain a much greater number of cells. In a study by Seppälä et al. [53], a 77% success rate
was achieved for surgically resected samples and 78% of endoscopic ultrasound-directed
core-needle specimens succeeded.

4. Organoid Applications
4.1. Drug Sensitivity and Resistance Testing and Personalized Medicine

One interesting application of PDOs lies in their use in screening for tumor-specific
drug sensitivities and resistance phenotypes, also known as pharmacotyping. The resulting
drug profiles are within the sensitivity limits of the assay, often unique for each sample,
which generates drug response “fingerprints”. DSRT of PDOs established from surgi-
cal resection specimens could theoretically aid clinicians in deciding between different
chemotherapy regimens for adjuvant therapy. Furthermore, PDOs isolated from biopsies
facilitate the discovery of novel treatments for metastatic cases and for neoadjuvant patients.

Driehuis et al. [54] performed high-throughput DSRT for a panel of 76 therapeutics on
24 PDAC organoids. Differences in responses were detected between different therapeutics
and between different patients. Only four patients had sufficient clinical data to identify
similarities in therapeutic responses in PDOs and clinical settings. Encouragingly, in these
four cases, the clinical data matched the drug responses of PDOs. Tiriac et al. performed
a retrospective comparison of organoid responses to five chemotherapeutic agents to
progression-free survival (PFS) in nine evaluable patients. Of these patients, six had a
greater PFS than historical controls, and organoids from these patients responded well to at
least one of the tested drugs, while two PDOs resistant to all tested drugs mirrored clinical
treatment resistance [51]. The Muthuswamy and Hidalgo groups described a 96-well-based
PDO DSRT platform in which organoids established from both primary tumor tissue and
metastases from 12 PDAC patients were tested for responses to several anticancer agents
and compared to clinical responses [55]. The authors documented promising concordance
between the most or least active single agents classified in two tiers by dose–response
area-under-the-curve (AUC). Seppälä et al. [53] performed pharmacotyping for PDOs
derived from core-needle biopsies and resected tumors. The mean time to pharmacotyping
was 49 days, a sufficient timescale for the use of drug screening results in clinical decision
making. Hou et al. [56] reported a semi-automated bioprinting-based method, allowing
the rapid seeding of cells to create uniform organoid cultures in 384-well plates for high-
throughput screening. These studies provide hope that PDO drug screening can enjoy use
in neoadjuvant or metastatic settings.

A recent study Raghavan et al. highlighted the need to better understand the associa-
tions between transcriptional identities and drug sensitivities/resistance both in PDOs and
cell lines, because the identities changed depending on culture conditions [57]. The authors
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found that switching culture media altered the transcriptional identities of primary patient
tumor-derived organoids as well as established PDAC cell lines with a profound impact
on sensitivity at least to SN-38 and paclitaxel. Organoids grown in standard cell culture
medium without niche factors lost basal-like transcriptional identity [57]. It has been
observed that at least the chemotherapy cocktail FOLFRINOX may promote a basal-like
transcriptional state in tumor cells in PDAC patients [58]. A study by Osuna de la Peña
showed that the transcriptomic state and responses to gemcitabine + paclitaxel or triptolide
in pancreatic tumor-derived 3D cultures growing in self-assembling peptide hydrogels
supplemented with core ECM proteins were different compared to organoids growing in
matrigel [59].

Another interesting application under development is the establishment of PDOs from
circulating tumor cells (CTCs), which could allow tumor cell isolation from the blood of
cancer patients and the subsequent establishment of PDOs and drug screening without the
necessity of invasive sampling. For instance, CTC-derived organoids have been established
from lung cancer [60] and prostate cancer [61] cells. In PDAC, spheroid-like clusters of
CTCs and immune cells were established and cultured for up to seven days [62].

Despite numerous studies on PDO drug screening, it remains unclear how accurately
drug screening results match patients’ clinical responses and if results can translate into
clinical decision making. In the study by Tiriac et al. [51], drug screening results from 89% of
patients (8/9 PDOs) were consistent with the clinical response. Similarly, Sharick et al. [63]
found that drug screening results matched clinical data for all of the patients (7/7 PDOs) in
their study. Grossman et al. found concordance between the ex vivo responses of at least
one anticancer agent and the clinical treatment regimen in 12/12 cases [55]. In a study com-
paring organoids from patients who were administered FOLFIRINOX in the neoadjuvant
setting to organoids derived from treatment-naïve patients, the ex vivo PDO responses
to FOLFIRINOX were weak/absent in 5 of 5 cases of the neoadjuvant-treated group and
robust in 4/5 of the treatment-naïve cases [64]. However, these results rely on small co-
horts and more extensive clinical studies among larger groups of patients are needed.
Furthermore, patients with good responses all received various combination therapies,
most already demonstrated as effective in treating PDAC. In addition, patients receiving
different treatments were compared with each other within these studies, rendering the
interpretation of results difficult. A systematic review of drug screening results for different
types of cancers concluded that the clinical validity of PDO drug screening results remains
inconsistent across all tumor types and treatments [65]. This highlights the importance of
well-planned co-clinical trials with large patient cohorts comparing one treatment type at
a time. It may also be necessary to include different PDO growth conditions to preserve
the transcriptional subtypes of the primary tumors, which are known to influence drug
responses [57,59].

PDOs make it possible to identify new treatments that are not based on small molecule
targeted agents. Oncolytic viruses can also infect PDAC organoids in culture and organoid-
derived tumors growing as xenografts in immunocompromised mice [66].

4.2. Neoplasia Modeling

Organoids have been used in neoplasia modeling and molecular subtyping. Trans-
planting pancreatic organoids into immunodeficient mice resulted in preneoplastic lesions,
PanINs. These lesions can develop into invasive adenocarcinoma [18], and can then be
used to identify new potential biomarkers for early events in pancreatic cancer progression.
In a recent study by Miyabayashi et al. [67], PDOs were injected into murine pancreatic
ducts, where they gave rise to adenocarcinomas of both main transcriptional PDAC sub-
types (“basal-like” and “classic”). Unlike pancreatic cancer cell lines, these transcriptional
subtypes have also been identified in ex vivo PDO cultures, albeit not reflecting the full
transcriptional features observed in patient tumors [43,51,57]. The basal-like subtype is
associated with a poor prognosis and is characterized by the expression of TP63 and other
basal markers, whereas the classic subtype is characterized by the expression of GATA6 and
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other ductal differentiation markers. Interestingly, Seino et al. [43] found that the classic
subtype was associated with Wnt niche dependency in PDO cultures.

4.3. Co-Cultures

PDAC features an extensive stromal component, constituting up to 90% of the tumor
volume and containing the extracellular matrix (ECM), cancer-associated fibroblasts (CAFs),
immune cells and blood vessels. In addition, the total ductal cell-type-enriched proteome
derived from pancreatic cancer tissue differs markedly from the corresponding ductal-
enriched proteome derived from adjacent non-malignant pancreatic tissue [68]. The tumor
stroma may act as both a physical barrier impairing drug delivery [69] and play a key role
in the development of biochemical drug resistance [57,59,70,71]. Specific CAF subsets were
also found to associate with immunotherapy responses [72,73]. Because PDOs generally
lack stromal cells [74], numerous studies have focused on developing co-culture models,
which could better depict the tumor microenvironment and interactions between ductal
and stromal cells. Co-culture models could also aid in drug screening for stroma-targeting
agents and immunotherapies.

The development of co-culture models of PDOs and stromal cells is not problem-free.
For instance, many components of the PDAC organoid culture medium are detrimental
to CAFs and immune cells. Notably, Öhlund et al. successfully cultured murine PDAC
organoids with CAFs in a medium containing DMEM and 5% FBS [75]. This may be
explained by the discovery that CAFs are responsible for producing Wnt in the absence of a
Wnt-containing medium in PDO and CAF co-cultures [43,75]. In the same study, different
functional and molecularly distinct subpopulations of CAFs, formerly thought to be a
relatively uniform cell type, were discovered. Myofibroblastic CAFs expressed high levels
of alpha smooth muscle actin and resided closer to tumor cells, whereas inflammatory
CAFs of distant stroma secreted interleukins. In a subsequent study by Biffi et al. [76],
IL-1 and TGF-beta signaling were found to play a crucial role in fibroblast differentiation.
Later, the discovery of a third CAF subpopulation was reported by Elyada et al. [77]. These
cells, termed antigen-presenting CAFs, expressed the MHCII complex and could present
antigens to CD4+ T cells. Recently, CD105 has been found to identify two subpopulations of
pancreatic fibroblasts suggested to be tumor-suppressive CD105neg and tumor-permissive
CD105pos, irrespective of myo/inflammatory/antigen presenting status [78].

In addition to co-cultures with CAFs, co-cultures involving immune cells are under
development. Organoids enable the development of functional ex vivo immunotherapy
assays. T cells are lost faster than other CD45+ cells in typical embedded epithelial organoid
cultures from carcinoid tumors [79], but they can be expanded from the blood or from the
primary tumor tissue and subsequently co-cultured with epithelial organoids. Organoid
cultures growing at the air–liquid interface retain stromal cells and T cells better than em-
bedded organoids, and the addition of IL-2 can increase T cell persistence up to 60 days [80].
Tsai et al. [81] developed a 3D culture model using PDAC organoids, CAFs and T-cells.
This co-culture resulted in increased resistance to gemcitabine when compared to PDOs
alone. A recent study by Holokai et al. demonstrated using both murine and human autol-
ogous multi-cell-type organoid co-cultures that, in addition to checkpoint receptor/ligands,
myeloid-derived suppressor cells can interfere with anti-organoid T cell responses [82]. Co-
culturing PDAC organoids with endothelial cells revealed that the endothelial cells could
support and maintain CD24+/CD44+ cancer-initiating cells in organoids [83]. Furthermore,
the authors found that these cancer-initiating cells are enriched in normal PDAC organoids.
This emphasizes the need for continued development of co-culturing systems in cancer
organoid research.

Three-dimensional organoid co-cultures serve as an attractive model for studying
tumor invasion. For instance, Koikawa et al. [84] found that a tumor organoid co-culture
with pancreatic stellate cells, precursors to CAFs, resulted in tumor cell invasion to the
surrounding matrix. Osuna de la Peña et al. generated peptide-based hydrogels in which
the ECM components and stiffness of the gels could be regulated precisely [59]. The
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authors showed in organoid-stellate-macrophage co-cultures that both ECM components
and matrix stiffness influenced transcriptional and protein signatures of EMT of all cell
types. The co-cultures adapted transcriptional and histological signatures that, for certain
parts, resembled the tumor tissue closer than monotypic cultures or cultures grown only in
Matrigel. In general, using organoids to model cancer invasion and metastasis remains in
its infancy.

4.4. Organoid Biobanks

Collecting and cryopreserving PDOs enables the formation of PDO biobanks. DNA
sequencing ensures that PDOs preserve features of the respective primary tumors. Several
organoid biobanks have been established from PDAC tumor tissues [54,85]. These biobanks
can be used in personalized medicine and may aid in identifying novel driver mutations
and linking specific mutations and epigenetic changes to altered drug responses.

5. A Single-Institute Experience: Organoids as a Drug Sensitivity Testing Platform for
Pancreatic Cancer
5.1. Organoid Culture, Drug Administration and Response Quantification

All procedures described herein were approved by the ethical committee (HUS/216/2017
and HUS/230/2019) and adhere to the Declaration of Helsinki. The success rate in our
laboratory for establishing early organoid growth is nearly 100%, and roughly half of these
can be cultured beyond the third passage for biobanking. The fraction of organoids that can
be re-established after biobanking is being evaluated, currently estimated to be between
20% and 50%.

The Institute for Molecular Medicine Finland (FIMM) has made significant advances
in high-throughput precision medicine for many cancer types, showcasing the anecdotal
translation of ex vivo DSRT results to clinical use [86,87]. Capitalizing on the FIMM DSRT
platform, we adapted a PDO culture to 384-well plates, which are amenable to acoustic
compound dispensing, luminescence plate readers and automated microscopy. Surgical
material from both the tumor region and an adjacent healthy region from 11 patients was
processed as described [44]. In some cases, we submitted DNA from dissociated cells of the
primary tumor tissue for targeted next-generation sequencing, covering at least the KRAS,
TP53, CDKN2A and SMAD4 genes. The patient cohort and the genetic features of primary
surgical tissue and resulting organoids, as well as assays performed on the organoids, are
summarized in Table 1.

For drug sensitivity and resistance testing, established organoids growing in several
Matrigel domes in 24-well polystyrene plates were dissociated and transformed into a
single-cell suspension in an organoid-feeding medium. The cell suspension was diluted
and mixed at 1:1 with a cold Matrigel stock (8–10 mg/mL) to a final concentration of
5000–10,000 cells per 10 µL. Leaving one or two rows/columns empty to minimize plate
effects, each well was seeded with 10 µL of the cold Matrigel/organoid cell suspension
and allowed to set at 37 ◦C for 20 min. The organoid wells were then topped off with
25 µL of feeding medium, and the empty edge wells were filled with phosphate-buffered
saline (PBS). The plates were observed under microscope for sufficient organoid growth,
typically for 3 to 7 days. On the day of drug dispensing, referred to as day 0, 10 µL of
feeding medium was carefully aspirated from the top of each well and replaced with a
fresh feeding medium containing 1:500 Celltox Green (Promega, Madison, WI, USA).
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Table 1. In most cases, the tissue that was processed for organoid culture was obtained from the tumor region, and the diagnosis was pancreatic ductal
adenocarcinoma. Variant allele frequencies for KRAS, TP53 and other oncogenes were obtained using next-generation sequencing of DNA extracted from the
primary surgical tissue and/or the established organoids (FIMM Technology Center and HUSlab, under process). Organoid passage numbers at the time of the drug
sensitivity assay are shown. Some organoids were profiled only for viability responses using Celltiter Glo (CTG), while others were also assessed for cell death
(Celltox Green, CTX).

Case Mutations Drug Screen

ID Surgical Site Diagnosis TNM Grade
KRAS TP53

Others Final ID Passage Readout
Tissue Organoid Codon Tissue Organoid CTG CTX

PO24 Tumor PDAC pT3N1 G2 na na na na na na PO24 p2 1 0
PO27 Tumor PDAC pT2N1 G2 na na na na na na PO27 p1 1 0

p5 1 0
PO32 Tumor PDAC pT3N1 G2-3 na na na na na na PO32 p3 1 0

PO34 Tumor PDAC pT2N0 G2 46.8 47 G12D 100 100 CDKN2A-/-,
SMAD4-/- PO34T p6 1 0

PO36 Tumor PanIN2 na na na 48 G13D 0 0 0 PO36PanIN p3 1 0
PO37 Tumor PDAC pT3N2 G2 0 100 G12D 0 100 CDKN2A-/- PO37T p11 1 1

p16 1 0
PO77 Tumor PDAC pT3N1 G3 48.7 64.1 G12D 38.6 97.7 0 PO77T p7 1 1
PO80 Tumor PDAC pT2N1 G2 na 66.3 G12D na 100 0 PO80T p9 1 1
PO82 Tumor PDAC pT2N1 G2 na 58 G12R na 99 CDKN2A-/- PO82T p8 1 1

Adjacent G2 na 72 G12R na 98 0 PO82T_2 p9 1 1
PO83 Tumor PDAC pT3N2R1 G2 na 69 G12D na 100 0 PO83T p12 1 1
PO84 Tumor PDAC pT2N1 G2 na 48 G12D na na 0 PO84T p12 1 1
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In order to support future mechanistic and combination studies, we focused initially
on four anticancer agents of clinical and mechanistic relevance: the targeted MEK in-
hibitor trametinib, which is useful for probing the effects of inhibiting MAPK signaling
downstream of mutated KRAS, pancreatic cancer mainstay chemotherapeutics paclitaxel,
gemcitabine and the four-drug cocktail FOLFIRINOX (5-FU, oxaliplatin, leucovorin, irinote-
can, in fixed molar ratios of 100:7:27:15, respectively). The chemical agents were dispensed
acoustically over a 5–7-point logarithmic concentration range using Echo technology (Lab-
cyte, Sunnyvale, CA, USA) into at least two replicate wells per drug per concentration. To
test the feasibility of discovering synergistic drug combinations, some organoids were also
assayed with two different drugs in a 7 × 7 well matrix and synergy score was obtained
by using highest single agent (HSA) reference model, as described [88]. After 5 days,
organoids were imaged at 5× phase contrast (organoid contours) and green fluorescence
(cell death) using Cytation 5 (Agilent Biotek, Santa Clara, CA, USA). Next, 35 µL of Celltiter
Glo (Promega, Madison, WI, USA) was dispensed into each well and luminescence (ATP
levels, viability) was measured after 20 min on Cytation 5.

In a few cases, we also tested whether we could increase the resolution of our assay
to pick up possible surviving single cells after treatment. For this, on the day of drug
dispensing, we added into the culture medium the nuclear labeling agent Nuclight Rapid
Red (Essen/Sartorius, Royston Hertfordshire, United Kingdom) at 1:500 final concentration,
as well as Celltox Green at 1:500 (Promega, Madison, WI, USA). Organoids were then
imaged before addition of the anticancer agents, as well as on day 3 and day 5 post
drug addition, by confocal microscopy (Opera Phenix, Waltham, MA, USA) at the FIMM
High-Content Microscopy Unit.

Viability data were used in GraphPad Prism to generate a four-parameter logistic
sigmoidal curve fit, for which the area under the curve (AUC) was calculated and converted
by inversion and scaling into a drug sensitivity score (DSS), ranging from 0 to 50. Cell
death data were obtained by measuring the mean green fluorescence in the organoids based
on image analysis on Cytation 5 using the following settings: threshold 8000, object size
20–2000 mm and fill holes. These data were also 4PL-curve-fitted in GraphPad Prism, and
a DSS score was generated for each condition.

5.2. Organoid Viability Responses Show Both Individual and Shared Patterns

We recorded the viability responses of all organoids as individual dose–response
curves (Suppl. Data S1). To better understand individual and drug-associated response pat-
terns, we plotted the viability as DSS scores in heatmaps (Figure 2A). Of the tested agents,
trametinib modestly reduced organoid viability across most cases, while the chemothera-
peutics displayed more varied patterns. In terms of viability, some samples such as PO32p3
were selectively sensitive to only one agent, whereas other samples, such as PO80, seemed
sensitive to all tested regimens (Figure 2A). Interestingly, organoids from the same patient
profiled at different passages (PO27p1 vs. PO27p5, PO37p11 vs. PO37p16) displayed some
variation in viability responses (Figure 2A). Comparison of the individual dose–response
curves (Suppl. Data S1) suggested that the differences are likely not meaningful, but we do
not exclude that they could be relevant, arising for example from ongoing subclonal pattern-
ing and genetic drift, as has been observed in PDAC PDOs [53,54]. Other studies comparing
organoid drug responses at different passages revealed only small differences [51,64].
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Figure 2. A new organoid drug sensitivity and resistance testing platform. Fourteen organoids
from 11 patients were profiled for viability and cell death responses to four anticancer agents (MEK
inhibitor trametinib, chemotherapeutics gemcitabine and paclitaxel, and chemotherapy cocktail
FOLFIRINOX). (A) Summary of cell viability responses, shown as a drug sensitivity score, which was
calculated as an adjusted inverse of the area under the curve shown for each sample and drug in
Suppl. Data S1. Scale 0–50. The table shading reflects the DSS values, with an arbitrary color shift
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from blue (poor response) to red (good response) around DSS 3 (B) Some organoids were also
monitored for cell death by fluorescence microscopy. The cell death drug sensitivity score reflects
the area under the curve of the dose–response curves shown in Suppl. Data S2 and an example of
quantification in Suppl. Data S3. Scale 0–50, color threshold DSS 7. (C) Overlay of the cell viability
and cell death dose–response curves showed that, in some organoids, select anticancer agents caused
both viability loss and cell death (example PO80T), whereas in other organoids only viability was
reduced but no cell death was induced (PO77T). (D) Low magnification (5×) fluorescence microscopy
was used to distinguish cell growth arrest from cell death (green signal) in PO77T organoids. In the
example images, FOLFIRINOX is killing the organoid cells, whereas trametinib and gemcitabine
have only halted organoid growth as compared to DMSO, in which organoids grow over the 5-day
assay. Scale bar = 100 mm. (E) The organoid platform is amenable to two-drug combination testing.
Two drugs are combined in a 7 × 7 dose-response matrix and viability and cell death are measured.
The example shows synergy for trametinib and paclitaxel in reducing sample viability (PO83T), seen
as red shading.

5.3. Measuring Organoid Cell Death Together with Viability Important for Future Clinical
Correlation Studies

Most clinical trials in pancreatic cancer have been abandoned due to futility. Numerous
mechanistic studies have shown that tumor cells quickly activate feedback signaling and
bypass pathways in response to targeted inhibitors that prevent cell death and allow the
tumors to continue growing after a short time [12,13,89–96]. In a subset of samples, we
therefore incorporated a way of tracking actual cell death by following the accumulation
of the cell-impermeable DNA-binding dye Celltox Green. Similar patterns were found in
the summarized cell death data (Figure 2B), but when comparing the viability loss and cell
death data, it became evident that not all agents were cytotoxic, despite reducing sample
viability. Because of the discrepancy between the two assay readouts, we overlayed the cell
viability and cell death dose–response curves (Suppl. Data S2). For some samples, we saw
the expected inverse relationship, meaning that when cells lose viability, measured as a drop
in ATP levels using Celltiter Glo, they also die (Figure 2C). However, in other cases, only
cell viability was affected without concomitant increase in cell death. For example, PO77
exposed to gemcitabine displayed a clear drop in cell viability, which was not accompanied
by an increase in cell death (Figure 2C). This discrepancy was also evident when inspecting
the organoids under microscope (Figure 2D). Organoids are being explored as potential
predictive functional assay platforms to guide precision medicine for pancreatic cancer
patients [51,53–55,64]. The number of studies assessing clinical responses in both patients
and organoids is rising but is still too small to draw conclusions about the robustness
and reliability of organoids as predictive tests. However, in light of our findings, when
such studies are conducted, it would be important to include an actual cell death readout,
as organoid growth inhibition (without cell death) can potentially be a source of false
positive predictions.

5.4. The 384-Well Organoid Profiling Platform Is Useful for Drug Combination Studies

To assess the potential of combining the agents to overcome the resistance to one of the
agents and possibly to generate synthetic lethality, we performed a limited two-compound
combination matrix feasibility experiment. In our example, the MEK inhibitor trametinib
generated strong synergy when combined with paclitaxel in a 7 × 7 well matrix in PO34T
organoids, with synergy calculations performed using the FIMM SynergyFinder tool [88]
(Figure 2E). Trametinib and other MAPK inhibitors have been tested in pancreatic cancer
patients in combination with the conventional chemotherapeutics gemcitabine and pacli-
taxel but have so far not displayed breakthrough efficacy in large patient cohorts [90,95,96].
However, isolated responses have been observed, which supports the exploration of indi-
vidual treatment combinations. It may be possible to discover genetic or transcriptional
hallmarks of increased sensitivity [97]. Additionally, signaling pathway inhibition by tar-
geted agents can be useful in probing cancer resistance mechanisms and pushing tumor cell
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signaling toward a state of increased sensitivity to other inhibitors before bypass pathways
are activated [89,98,99]. Our tests clearly show that the organoid platform is robust enough
to allow the detection of synergistic drug concentrations.

5.5. Single Cell Organoid Drug Sensitivity and Resistance Testing Reveals Single Surviving
Tumor Cells

Our data show that organoids display individual responses to several anticancer
agents, which reflects their different cell states, signaling and resistance mechanisms. We
also know that tumor responses in clinical settings are transient at best. Recently, organoids
were used to model adaptive resistance to FOLFIRINOX, which was associated with
differential transcriptional reprogramming [100]. To establish if organoids can allow us to
study how tumors escape even harsh cytotoxic chemotherapies and other treatments, we
tracked individual cells in organoids over several days by confocal microscopy using a live
cell nuclear labeling agent. Our data showed remarkably accurate quantitation of single
cells both in intact organoids and in debris after some of the most potent drug combinations
(Figure 3, Suppl. Data S4). This method should allow tracking of the true depth of treatment
responses. We also tested the feasibility of extracting viable single cells from the gels after
treatment for downstream experiments and analyses. So far, we have been able to regrow
individual organoids from surviving cells after exposure to trametinib or paclitaxel but not
to the combination of these agents for PO34T, PO83T and PO84T, exemplified for PO83T in
Suppl. Data S5. Using a very high starting number of organoids, estimated to contain more
than one million individual epithelial cells, we managed to obtain the required minimum
of 1000 live cells for single cell RNA sequencing also from the combination treatments in
these three cases. Analysis of the transcriptomic profiles of these cells is ongoing. Our
findings support continued studies to understand the nature of tumor cell escape, e.g., by
single-cell RNA/DNA sequencing.
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Figure 3. Confocal microscopy allows single-cell drug response monitoring. (A) Nuclight Rapid Red
reagent allows labeling of individual nuclei in organoids growing in Matrigel; 20× magnification,
scale bar = 40 mm. (B) Opera Phenix Harmony 3D segmentation pipeline distinguished the individual
nuclei, seen as colored outlines. Scale bar = 20 mm. (C) PO83T organoids were tracked for 5 days.
DMSO (control) organoids increase in size, while the combination treated organoids were destroyed.
Importantly, the live nuclei (red) and cell death (green) labeling reagents allow monitoring of single
surviving cells. Scale bar = 30 mm. Video in Suppl. Data S4.
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6. Conclusions and Future Directions

Here, we summarized several interesting and highly relevant characteristics of organoids
as model systems for pancreatic cancer research and for the development of new pancreatic
cancer treatments. Several benefits of organoids compared with previous models lie in their
relative robustness, affordability and faithfulness to mimicking actual disease. Organoids
do not yet fully mirror the transcriptional profiles of tumor cells in patient tumor tissue, but
work is ongoing to improve the culture conditions and to detail if and how the differences
might impact treatment responses [57,59]. Several exciting variations to PDO cultures are
under development and the tumor stroma are being incorporated in an increasing number
of studies. At the same time, organoids offer a way to enrich tumorigenic cells that can be
transplanted into animals, including zebrafish, which may become increasingly useful to
validate, e.g., ex vivo PDO drug screening findings.

Pancreatic cancer can only be cured in a small fraction of cases through a combination
of surgery and aggressive chemotherapy, which itself is dramatic and carries high intrinsic
risks. Organoid cultures are being evaluated by us and others as guidelines for the choice
of chemotherapy regimens and for entirely new drugs and combinations. Our own initial
findings using monotypic organoid cultures indicate that we may benefit from, including
multiple readouts in PDO drug sensitivity and resistance testing. Other groups use a
variety of readouts, but the number of organoids and matched patient responses are too
low to draw conclusions about the impact of assay parameters on predicting/guiding
personalized treatments [51,53–55,64]. Clearly, we must continue to test and validate
organoids as a predictive platform for clinical efficacy. Even if correlating a clinical benefit
through simple assay readouts and monotypic cultures from only single anatomical sites
remains difficult, this is essential work on the path toward effective precision medicine for
pancreatic cancer. The next wave of studies anticipated in the near future will undoubtedly
shed further light on which model systems and assays carry the greatest predictive power.

Several published studies have described the composition and transcriptional evo-
lution of PDAC organoids and primary tumors at a single-cell resolution [57,71,74,101].
However, these studies have not yet revealed the extent to which subclonal resistance
mechanisms contributing to tumor escape occur and could be identified at baseline or
emerge as a response to treatment. Our own findings indicate that even after harsh drug
combinations, individual tumor cells may survive and even regrow once the drugs are
withdrawn. Cancer cells adapt and become resistant to sublethal doses of anticancer agents,
as was shown for FOLFIRINOX in PDOs [100], but would it be possible to predict which
cells or subclones are going to survive even before treatments are started, e.g., using lineage-
tracing? Further, would combining transcriptome, epigenome, proteomic and genome
data, possibly at the single-cell and spatial level with advanced organoid models including
necessary stromal components, really reveal the relevant mechanisms and evolution of
drug resistance, or will the wealth of data rather confound efforts to develop effective
solutions for pancreatic cancer patients? Like many other groups, we rely on obtaining
a mechanistic understanding and functional tools to guide treatment decisions simulta-
neously. We also aim to use computational models to extract the relevant clues to tackle
pancreatic cancer drug resistance. It will be quite interesting to see how intrinsic and
adaptive tumor resistance to treatments can be prevented, circumvented, and handled in
the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14030525/s1, Suppl. Data S1: Cell viability dose–response
curves; Suppl. Data S2: Cell viability and cell death dose–response curves; Suppl. Data S3: Organoid
microscopic cell death quantification; Suppl. Data S4: 3D rotation of the five-day kinetic sin-
gle cell DSRT analysis of PO83T organoid in response to trametinib + vincristine combination;
Suppl. Data S5: Organoid regrowth after drug exposure.

https://www.mdpi.com/article/10.3390/cancers14030525/s1
https://www.mdpi.com/article/10.3390/cancers14030525/s1


Cancers 2022, 14, 525 17 of 22

Author Contributions: Conceptualization, L.M., M.V.-K., M.J., H.M. and H.S.; Data curation, L.M.,
M.V.-K. and M.J.; Formal analysis, L.M., M.V.-K., M.J. and H.M.; Funding acquisition, M.V.-K., K.W.,
P.P. and H.S.; Investigation, L.M., M.V.-K., M.J. and H.M.; Methodology, L.M., M.V.-K. and M.J.;
Project administration, M.V.-K., H.M., K.W., P.P. and H.S.; Resources, M.V.-K., J.H. and P.P.; Software,
M.V.-K.; Supervision, M.V.-K. and H.S.; Visualization, L.M. and M.V.-K.; Writing—original draft,
L.M. and M.V.-K.; Writing—review & editing, L.M., M.V.-K., M.J., H.M., K.W., J.H., P.P. and H.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Medicinska Understödsföreningen Liv och Hälsa grant
2019-2021 and 2020-2022, Finska Läkaresällskapet grant 2021, The Sigrid Juselius Foundation grant
2017-2018, 2019-2020 and 2021-2022, Cancer Foundations Finland grant 2020-2021 and 2022-2023,
Georg C. and Mary Ehrnrooth foundation grant 2021-2022, Helsinki University Center of Excellence
CAN—PRO funding grant 2019-2021.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of the Helsinki University Hospital
(HUS/2075/2016, HUS/658/2019, HUS/550/2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the funding agencies supporting this project:
Medicinska Understödsföreningen Liv och Hälsa, Finska Läkaresällskapet, The Sigrid Juselius Foun-
dation, Cancer Foundations Finland, Georg C. and Mary Ehrnrooth foundation, Helsinki University
Center of Excellence CAN—PRO funding. We thank the FIMM High-Throughput Biomedicine Unit
(HTB) for equipment and help necessary for compound dispensing. We thank the FIMM High
Content Microscopy Unit for providing microscopy infrastructure and assistance, and the FIMM
Technology Center for next-generation sequencing. Open access funding provided by University
of Helsinki.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [CrossRef] [PubMed]
2. Aaltonen, P.; Carpen, O.; Mustonen, H.; Puolakkainen, P.; Haglund, C.; Peltola, K.; Seppänen, H. Long-term nationwide trends in

the treatment of and outcomes among pancreatic cancer patients. Eur. J. Surg. Oncol. 2021. [CrossRef]
3. Versteijne, E.; Suker, M.; Groothuis, K.; Akkermans-Vogelaar, J.M.; Besselink, M.G.; Bonsing, B.A.; Buijsen, J.; Busch, O.R.;

Creemers, G.M.; van Dam, R.M.; et al. Preoperative Chemoradiotherapy Versus Immediate Surgery for Resectable and Borderline
Resectable Pancreatic Cancer: Results of the Dutch Randomized Phase III PREOPANC Trial. J. Clin. Oncol. 2020, 38, 1763–1773.
[CrossRef]

4. Von Hoff, D.D.; Ervin, T.; Arena, F.P.; Chiorean, E.G.; Infante, J.; Moore, M.; Seay, T.; Tjulandin, S.A.; Ma, W.W.; Saleh, M.N.; et al.
Increased Survival in Pancreatic Cancer with nab-Paclitaxel plus Gemcitabine. NEJM 2013, 369, 1691–1703. [CrossRef] [PubMed]

5. Conroy, T.; Desseigne, F.; Ychou, M.; Bouché, O.; Guimbaud, R.; Bécouarn, Y.; Adenis, A.; Raoul, J.-L.; Gourgou-Bourgade, S.;
De La Fouchardière, C.; et al. FOLFIRINOX versus Gemcitabine for Metastatic Pancreatic Cancer. NEJM 2011, 364, 1817–1825.
[CrossRef]

6. Pusceddu, S.; Ghidini, M.; Torchio, M.; Corti, F.; Tomasello, G.; Niger, M.; Prinzi, N.; Nichetti, F.; Coinu, A.; Di Bartolomeo,
M.; et al. Comparative Effectiveness of Gemcitabine plus Nab-Paclitaxel and FOLFIRINOX in the First-Line Setting of Metastatic
Pancreatic Cancer: A Systematic Review and Meta-Analysis. Cancers 2019, 11, 484. [CrossRef] [PubMed]

7. Perri, G.; Prakash, L.; Qiao, W.; Varadhachary, G.R.; Wolff, R.; Fogelman, D.; Overman, M.; Pant, S.; Javle, M.; Koay, E.J.; et al.
Response and Survival Associated With First-line FOLFIRINOX vs Gemcitabine and nab-Paclitaxel Chemotherapy for Localized
Pancreatic Ductal Adenocarcinoma. JAMA Surgery 2020, 155, 832. [CrossRef] [PubMed]

8. Waddell, N.; Pajic, M.; Patch, A.-M.; Chang, D.K.; Kassahn, K.S.; Bailey, P.; Johns, A.L.; Miller, D.; Nones, K.; Quek, K.; et al.
Whole genomes redefine the mutational landscape of pancreatic cancer. Nature 2015, 518, 495–501. [CrossRef] [PubMed]

9. Cicenas, J.; Kvederaviciute, K.; Meskinyte, I.; Meskinyte-Kausiliene, E.; Skeberdyte, A.; Cicenas, J. KRAS, TP53, CDKN2A,
SMAD4, BRCA1, and BRCA2 Mutations in Pancreatic Cancer. Cancers 2017, 9, 42. [CrossRef]

10. Pishvaian, M.J.; Blais, E.M.; Brody, J.R.; Lyons, E.; DeArbeloa, P.; Hendifar, A.; Mikhail, S.; Chung, V.; Sahai, V.; Sohal, D.P.S.; et al.
Overall survival in patients with pancreatic cancer receiving matched therapies following molecular profiling: A retrospective
analysis of the Know Your Tumor registry trial. Lancet. Oncol. 2020, 21, 508–518. [CrossRef]

http://doi.org/10.3322/caac.21590
http://www.ncbi.nlm.nih.gov/pubmed/31912902
http://doi.org/10.1016/j.ejso.2021.11.116
http://doi.org/10.1200/JCO.19.02274
http://doi.org/10.1056/NEJMoa1304369
http://www.ncbi.nlm.nih.gov/pubmed/24131140
http://doi.org/10.1056/NEJMoa1011923
http://doi.org/10.3390/cancers11040484
http://www.ncbi.nlm.nih.gov/pubmed/30959763
http://doi.org/10.1001/jamasurg.2020.2286
http://www.ncbi.nlm.nih.gov/pubmed/32667641
http://doi.org/10.1038/nature14169
http://www.ncbi.nlm.nih.gov/pubmed/25719666
http://doi.org/10.3390/cancers9050042
http://doi.org/10.1016/S1470-2045(20)30074-7


Cancers 2022, 14, 525 18 of 22

11. Wattenberg, M.M.; Asch, D.; Yu, S.; O’Dwyer, P.J.; Domchek, S.M.; Nathanson, K.L.; Rosen, M.A.; Beatty, G.L.; Siegelman, E.S.;
Reiss, K.A. Platinum response characteristics of patients with pancreatic ductal adenocarcinoma and a germline BRCA1, BRCA2
or PALB2 mutation. Br. J. Cancer 2020, 122, 333–339. [CrossRef]

12. Torres, C.; Grippo, P.J. Pancreatic cancer subtypes: A roadmap for precision medicine. Ann. Med. 2018, 50, 277–287. [CrossRef]
13. Aung, K.L.; Fischer, S.E.; Denroche, R.E.; Jang, G.H.; Dodd, A.; Creighton, S.; Southwood, B.; Liang, S.B.; Chadwick, D.; Zhang,

A.; et al. Genomics-Driven Precision Medicine for Advanced Pancreatic Cancer: Early Results from the COMPASS Trial. Clin.
Cancer Res. 2018, 24, 1344–1354. [CrossRef] [PubMed]

14. Collisson, E.A.; Sadanandam, A.; Olson, P.; Gibb, W.J.; Truitt, M.; Gu, S.; Cooc, J.; Weinkle, J.; Kim, G.E.; Jakkula, L.; et al. Subtypes
of pancreatic ductal adenocarcinoma and their differing responses to therapy. Nat. Med. 2011, 17, 500–503. [CrossRef] [PubMed]

15. Moffitt, R.A.; Marayati, R.; Flate, E.L.; Volmar, K.E.; Loeza, S.G.; Hoadley, K.A.; Rashid, N.U.; Williams, L.A.; Eaton, S.C.; Chung,
A.H.; et al. Virtual microdissection identifies distinct tumor- and stroma-specific subtypes of pancreatic ductal adenocarcinoma.
Nat. Genet. 2015, 47, 1168–1178. [CrossRef]

16. Bailey, P.; Chang, D.K.; Nones, K.; Johns, A.L.; Patch, A.-M.; Gingras, M.-C.; Miller, D.K.; Christ, A.N.; Bruxner, T.J.C.; Quinn,
M.C.; et al. Genomic analyses identify molecular subtypes of pancreatic cancer. Nature 2016, 531, 47–52. [CrossRef] [PubMed]

17. Wright, J.C.; Walker, D. A predictive test for the selection of cancer chemotherapeutic agents for the treatment of human cancer. J.
Surg. Oncol. 1975, 7, 381–393. [CrossRef]

18. Boj, S.F.; Hwang, C.I.; Baker, L.A.; Chio, I.I.; Engle, D.D.; Corbo, V.; Jager, M.; Ponz-Sarvise, M.; Tiriac, H.; Spector, M.S.; et al.
Organoid models of human and mouse ductal pancreatic cancer. Cell 2015, 160, 324–338. [CrossRef]

19. Dobrynin, Y.V. Establishment and characteristics of cell strains from some epithelial tumors of human origin. J. Natl. Cancer Inst.
1963, 31, 1173–1195.

20. Gadaleta, E.; Cutts, R.J.; Kelly, G.P.; Crnogorac-Jurcevic, T.; Kocher, H.M.; Lemoine, N.R.; Chelala, C. A global insight into a cancer
transcriptional space using pancreatic data: Importance, findings and flaws. Nucleic Acids Res. 2011, 39, 7900–7907. [CrossRef]

21. Deer, E.L.; González-Hernández, J.; Coursen, J.D.; Shea, J.E.; Ngatia, J.; Scaife, C.L.; Firpo, M.A.; Mulvihill, S.J. Phenotype and
Genotype of Pancreatic Cancer Cell Lines. Pancreas 2010, 39, 425–435. [CrossRef]

22. Longati, P.; Jia, X.; Eimer, J.; Wagman, A.; Witt, M.-R.; Rehnmark, S.; Verbeke, C.; Toftgård, R.; Löhr, M.; Heuchel, R.L. 3D
pancreatic carcinoma spheroids induce a matrix-rich, chemoresistant phenotype offering a better model for drug testing. BMC
Cancer 2013, 13, 95. [CrossRef] [PubMed]

23. Hwang, H.J.; Oh, M.S.; Lee, D.W.; Kuh, H.J. Multiplex quantitative analysis of stroma-mediated cancer cell invasion, matrix
remodeling, and drug response in a 3D co-culture model of pancreatic tumor spheroids and stellate cells. J. Exp. Clin. Cancer Res.
2019, 38, 258. [CrossRef] [PubMed]

24. Lazzari, G.; Nicolas, V.; Matsusaki, M.; Akashi, M.; Couvreur, P.; Mura, S. Multicellular spheroid based on a triple co-culture: A
novel 3D model to mimic pancreatic tumor complexity. Acta Biomater. 2018, 78, 296–307. [CrossRef] [PubMed]

25. Di Modugno, F.; Colosi, C.; Trono, P.; Antonacci, G.; Ruocco, G.; Nistico, P. 3D models in the new era of immune oncology: Focus
on T cells, CAF and ECM. J. Exp. Clin. Cancer Res. 2019, 38, 117. [CrossRef]

26. Hidalgo, M.; Bruckheimer, E.; Rajeshkumar, N.V.; Garrido-Laguna, I.; De Oliveira, E.; Rubio-Viqueira, B.; Strawn, S.; Wick, M.J.;
Martell, J.; Sidransky, D. A Pilot Clinical Study of Treatment Guided by Personalized Tumorgrafts in Patients with Advanced
Cancer. Mol. Cancer Ther. 2011, 10, 1311–1316. [CrossRef]

27. Rubio-Viqueira, B.; Jimeno, A.; Cusatis, G.; Zhang, X.; Iacobuzio-Donahue, C.; Karikari, C.; Shi, C.; Danenberg, K.; Danenberg,
P.V.; Kuramochi, H.; et al. An In vivo Platform for Translational Drug Development in Pancreatic Cancer. Clin. Cancer Res. 2006,
12, 4652–4661. [CrossRef]

28. Ben-David, U.; Ha, G.; Tseng, Y.Y.; Greenwald, N.F.; Oh, C.; Shih, J.; McFarland, J.M.; Wong, B.; Boehm, J.S.; Beroukhim, R.; et al.
Patient-derived xenografts undergo mouse-specific tumor evolution. Nat. Genet. 2017, 49, 1567–1575. [CrossRef]

29. Barriuso, J.; Nagaraju, R.; Hurlstone, A. Zebrafish: A new companion for translational research in oncology. Clin. Cancer Res.
2015, 21, 969–975. [CrossRef]

30. Wu, J.Q.; Zhai, J.; Li, C.Y.; Tan, A.M.; Wei, P.; Shen, L.Z.; He, M.F. Patient-derived xenograft in zebrafish embryos: A new platform
for translational research in gastric cancer. J. Exp. Clin. Cancer Res. 2017, 36, 160. [CrossRef]

31. Al-Samadi, A.; Tuomainen, K.; Kivimaki, A.; Salem, A.; Al-Kubati, S.; Hyytiainen, A.; Parikka, M.; Mesimaki, K.; Wilkman, T.;
Makitie, A.; et al. PCR-based zebrafish model for personalised medicine in head and neck cancer. J. Transl. Med. 2019, 17, 235.
[CrossRef]

32. Di Franco, G.; Usai, A.; Funel, N.; Palmeri, M.; Montesanti, I.E.R.; Bianchini, M.; Gianardi, D.; Furbetta, N.; Guadagni, S.; Vasile,
E.; et al. Use of zebrafish embryos as avatar of patients with pancreatic cancer: A new xenotransplantation model towards
personalized medicine. World J. Gastroenterol. 2020, 26, 2792–2809. [CrossRef] [PubMed]

33. Hingorani, S.R.; Petricoin, E.F.; Maitra, A.; Rajapakse, V.; King, C.; Jacobetz, M.A.; Ross, S.; Conrads, T.P.; Veenstra, T.D.; Hitt,
B.A.; et al. Preinvasive and invasive ductal pancreatic cancer and its early detection in the mouse. Cancer Cell 2003, 4, 437–450.
[CrossRef]

34. Lee, J.W.; Komar, C.A.; Bengsch, F.; Graham, K.; Beatty, G.L. Genetically Engineered Mouse Models of Pancreatic Cancer: The
KPC Model (LSL-Kras(G12D/+); LSL-Trp53(R172H/+); Pdx-1-Cre), Its Variants, and Their Application in Immuno-oncology
Drug Discovery. Curr. Protoc. Pharmacol. 2016, 73, 143911–143920. [CrossRef]

http://doi.org/10.1038/s41416-019-0582-7
http://doi.org/10.1080/07853890.2018.1453168
http://doi.org/10.1158/1078-0432.CCR-17-2994
http://www.ncbi.nlm.nih.gov/pubmed/29288237
http://doi.org/10.1038/nm.2344
http://www.ncbi.nlm.nih.gov/pubmed/21460848
http://doi.org/10.1038/ng.3398
http://doi.org/10.1038/nature16965
http://www.ncbi.nlm.nih.gov/pubmed/26909576
http://doi.org/10.1002/jso.2930070509
http://doi.org/10.1016/j.cell.2014.12.021
http://doi.org/10.1093/nar/gkr533
http://doi.org/10.1097/MPA.0b013e3181c15963
http://doi.org/10.1186/1471-2407-13-95
http://www.ncbi.nlm.nih.gov/pubmed/23446043
http://doi.org/10.1186/s13046-019-1225-9
http://www.ncbi.nlm.nih.gov/pubmed/31200779
http://doi.org/10.1016/j.actbio.2018.08.008
http://www.ncbi.nlm.nih.gov/pubmed/30099198
http://doi.org/10.1186/s13046-019-1086-2
http://doi.org/10.1158/1535-7163.MCT-11-0233
http://doi.org/10.1158/1078-0432.CCR-06-0113
http://doi.org/10.1038/ng.3967
http://doi.org/10.1158/1078-0432.CCR-14-2921
http://doi.org/10.1186/s13046-017-0631-0
http://doi.org/10.1186/s12967-019-1985-1
http://doi.org/10.3748/wjg.v26.i21.2792
http://www.ncbi.nlm.nih.gov/pubmed/32550755
http://doi.org/10.1016/S1535-6108(03)00309-X
http://doi.org/10.1002/cpph.2


Cancers 2022, 14, 525 19 of 22

35. Evans, R.A.; Diamond, M.S.; Rech, A.J.; Chao, T.; Richardson, M.W.; Lin, J.H.; Bajor, D.L.; Byrne, K.T.; Stanger, B.Z.; Riley,
J.L.; et al. Lack of immunoediting in murine pancreatic cancer reversed with neoantigen. JCI Insight 2016, 1, e88328. [CrossRef]

36. Sato, T.; Vries, R.G.; Snippert, H.J.; van de Wetering, M.; Barker, N.; Stange, D.E.; van Es, J.H.; Abo, A.; Kujala, P.; Peters, P.J.; et al.
Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature 2009, 459, 262–265. [CrossRef]

37. Huch, M.; Bonfanti, P.; Boj, S.F.; Sato, T.; Loomans, C.J.M.; Van De Wetering, M.; Sojoodi, M.; Li, V.S.W.; Schuijers, J.; Gracanin,
A.; et al. Unlimited in vitro expansion of adult bi-potent pancreas progenitors through the Lgr5/R-spondin axis. EMBO J. 2013,
32, 2708–2721. [CrossRef] [PubMed]

38. Sato, T.; Stange, D.E.; Ferrante, M.; Vries, R.G.J.; Van Es, J.H.; Van Den Brink, S.; Van Houdt, W.J.; Pronk, A.; Van Gorp, J.;
Siersema, P.D.; et al. Long-term Expansion of Epithelial Organoids from Human Colon, Adenoma, Adenocarcinoma, and Barrett’s
Epithelium. Gastroenterology 2011, 141, 1762–1772. [CrossRef]

39. van de Wetering, M.; Francies, H.E.; Francis, J.M.; Bounova, G.; Iorio, F.; Pronk, A.; van Houdt, W.; van Gorp, J.; Taylor-Weiner,
A.; Kester, L.; et al. Prospective derivation of a living organoid biobank of colorectal cancer patients. Cell 2015, 161, 933–945.
[CrossRef]

40. Broutier, L.; Andersson-Rolf, A.; Hindley, C.J.; Boj, S.F.; Clevers, H.; Koo, B.-K.; Huch, M. Culture and establishment of self-
renewing human and mouse adult liver and pancreas 3D organoids and their genetic manipulation. Nat. Protoc. 2016, 11,
1724–1743. [CrossRef] [PubMed]

41. Huang, L.; Holtzinger, A.; Jagan, I.; Begora, M.; Lohse, I.; Ngai, N.; Nostro, C.; Wang, R.; Muthuswamy, L.B.; Crawford, H.C.; et al.
Ductal pancreatic cancer modeling and drug screening using human pluripotent stem cell- and patient-derived tumor organoids.
Nat. Med. 2015, 21, 1364–1371. [CrossRef] [PubMed]

42. Walsh, A.J.; Castellanos, J.A.; Nagathihalli, N.S.; Merchant, N.B.; Skala, M.C. Optical Imaging of Drug-Induced Metabolism
Changes in Murine and Human Pancreatic Cancer Organoids Reveals Heterogeneous Drug Response. Pancreas 2016, 45, 863–869.
[CrossRef]

43. Seino, T.; Kawasaki, S.; Shimokawa, M.; Tamagawa, H.; Toshimitsu, K.; Fujii, M.; Ohta, Y.; Matano, M.; Nanki, K.; Kawasaki,
K.; et al. Human Pancreatic Tumor Organoids Reveal Loss of Stem Cell Niche Factor Dependence during Disease Progression.
Cell Stem Cell 2018, 22, 454–467.e6. [CrossRef] [PubMed]

44. Baker, L.A.; Tiriac, H.; Tuveson, D.A. Generation and Culture of Human Pancreatic Ductal Adenocarcinoma Organoids from Resected
Tumor Specimens; Humana Press: New York, NY, USA, 2019; pp. 97–115. [CrossRef]

45. Li, X.; Nadauld, L.; Ootani, A.; Corney, D.C.; Pai, R.K.; Gevaert, O.; Cantrell, M.A.; Rack, P.G.; Neal, J.T.; Chan, C.W.M.; et al.
Oncogenic transformation of diverse gastrointestinal tissues in primary organoid culture. Nat. Med. 2014, 20, 769–777. [CrossRef]

46. Mihara, E.; Hirai, H.; Yamamoto, H.; Tamura-Kawakami, K.; Matano, M.; Kikuchi, A.; Sato, T.; Takagi, J. Active and water-soluble
form of lipidated Wnt protein is maintained by a serum glycoprotein afamin/alpha-albumin. eLife 2016, 5, e11621. [CrossRef]

47. Tuysuz, N.; van Bloois, L.; van den Brink, S.; Begthel, H.; Verstegen, M.M.; Cruz, L.J.; Hui, L.; van der Laan, L.J.; de Jonge, J.; Vries,
R.; et al. Lipid-mediated Wnt protein stabilization enables serum-free culture of human organ stem cells. Nat. Commun. 2017,
8, 14578. [CrossRef]

48. Sackett, S.D.; Tremmel, D.M.; Ma, F.; Feeney, A.K.; Maguire, R.M.; Brown, M.E.; Zhou, Y.; Li, X.; O’Brien, C.; Li, L.; et al.
Extracellular matrix scaffold and hydrogel derived from decellularized and delipidized human pancreas. Sci. Rep. 2018, 8, 10452.
[CrossRef]

49. Broguiere, N.; Isenmann, L.; Hirt, C.; Ringel, T.; Placzek, S.; Cavalli, E.; Ringnalda, F.; Villiger, L.; Zullig, R.; Lehmann, R.; et al.
Growth of Epithelial Organoids in a Defined Hydrogel. Adv. Mater. 2018, 30, e1801621. [CrossRef] [PubMed]

50. Georgakopoulos, N.; Prior, N.; Angres, B.; Mastrogiovanni, G.; Cagan, A.; Harrison, D.; Hindley, C.J.; Arnes-Benito, R.; Liau, S.-S.;
Curd, A.; et al. Long-term expansion, genomic stability and in vivo safety of adult human pancreas organoids. BMC Dev. Biol.
2020, 20, 1–20. [CrossRef]

51. Tiriac, H.; Belleau, P.; Engle, D.D.; Plenker, D.; Deschenes, A.; Somerville, T.D.D.; Froeling, F.E.M.; Burkhart, R.A.; Denroche, R.E.;
Jang, G.H.; et al. Organoid Profiling Identifies Common Responders to Chemotherapy in Pancreatic Cancer. Cancer Discov. 2018,
8, 1112–1129. [CrossRef]

52. Tiriac, H.; Bucobo, J.C.; Tzimas, D.; Grewel, S.; Lacomb, J.F.; Rowehl, L.M.; Nagula, S.; Wu, M.; Kim, J.; Sasson, A.; et al. Successful
creation of pancreatic cancer organoids by means of EUS-guided fine-needle biopsy sampling for personalized cancer treatment.
Gastrointest. Endosc. 2018, 87, 1474–1480. [CrossRef] [PubMed]

53. Seppälä, T.T.; Zimmerman, J.W.; Sereni, E.; Plenker, D.; Suri, R.; Rozich, N.; Blair, A.; Thomas, D.L.; Teinor, J.; Javed, A.; et al.
Patient-derived Organoid Pharmacotyping is a Clinically Tractable Strategy for Precision Medicine in Pancreatic Cancer. Ann.
Surg. 2020, 272, 427–435. [CrossRef] [PubMed]

54. Driehuis, E.; Van Hoeck, A.; Moore, K.; Kolders, S.; Francies, H.E.; Gulersonmez, M.C.; Stigter, E.C.A.; Burgering, B.; Geurts, V.;
Gracanin, A.; et al. Pancreatic cancer organoids recapitulate disease and allow personalized drug screening. Proc. Natl. Acad. Sci.
USA 2019, 116, 26580–26590. [CrossRef]

55. Grossman, J.E.; Muthuswamy, L.; Huang, L.; Akshinthala, D.; Perea, S.; Gonzalez, R.S.; Tsai, L.L.; Cohen, J.; Bockorny, B.; Bullock,
A.J.; et al. Organoid Sensitivity Correlates with Therapeutic Response in Patients with Pancreatic Cancer. Clin. Cancer Res. 2021.
[CrossRef]

http://doi.org/10.1172/jci.insight.88328
http://doi.org/10.1038/nature07935
http://doi.org/10.1038/emboj.2013.204
http://www.ncbi.nlm.nih.gov/pubmed/24045232
http://doi.org/10.1053/j.gastro.2011.07.050
http://doi.org/10.1016/j.cell.2015.03.053
http://doi.org/10.1038/nprot.2016.097
http://www.ncbi.nlm.nih.gov/pubmed/27560176
http://doi.org/10.1038/nm.3973
http://www.ncbi.nlm.nih.gov/pubmed/26501191
http://doi.org/10.1097/MPA.0000000000000543
http://doi.org/10.1016/j.stem.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29337182
http://doi.org/10.1007/978-1-4939-8879-2_9
http://doi.org/10.1038/nm.3585
http://doi.org/10.7554/eLife.11621
http://doi.org/10.1038/ncomms14578
http://doi.org/10.1038/s41598-018-28857-1
http://doi.org/10.1002/adma.201801621
http://www.ncbi.nlm.nih.gov/pubmed/30203567
http://doi.org/10.1186/s12861-020-0209-5
http://doi.org/10.1158/2159-8290.CD-18-0349
http://doi.org/10.1016/j.gie.2017.12.032
http://www.ncbi.nlm.nih.gov/pubmed/29325707
http://doi.org/10.1097/SLA.0000000000004200
http://www.ncbi.nlm.nih.gov/pubmed/32657929
http://doi.org/10.1073/pnas.1911273116
http://doi.org/10.1158/1078-0432.CCR-20-4116


Cancers 2022, 14, 525 20 of 22

56. Hou, S.; Tiriac, H.; Sridharan, B.P.; Scampavia, L.; Madoux, F.; Seldin, J.; Souza, G.R.; Watson, D.; Tuveson, D.; Spicer, T.P.
Advanced Development of Primary Pancreatic Organoid Tumor Models for High-Throughput Phenotypic Drug Screening. SLAS
Discov. 2018, 23, 574–584. [CrossRef] [PubMed]

57. Raghavan, S.; Winter, P.S.; Navia, A.W.; Williams, H.L.; DenAdel, A.; Lowder, K.E.; Galvez-Reyes, J.; Kalekar, R.L.; Mulugeta,
N.; Kapner, K.S.; et al. Microenvironment drives cell state, plasticity, and drug response in pancreatic cancer. Cell 2021, 184,
6119–6137.e26. [CrossRef]

58. Porter, R.L.; Magnus, N.K.C.; Thapar, V.; Morris, R.; Szabolcs, A.; Neyaz, A.; Kulkarni, A.S.; Tai, E.; Chougule, A.; Hillis, A.; et al.
Epithelial to mesenchymal plasticity and differential response to therapies in pancreatic ductal adenocarcinoma. Proc. Natl. Acad.
Sci. USA 2019, 116, 26835–26845. [CrossRef] [PubMed]

59. Osuna de la Pena, D.; Trabulo, S.M.D.; Collin, E.; Liu, Y.; Sharma, S.; Tatari, M.; Behrens, D.; Erkan, M.; Lawlor, R.T.; Scarpa,
A.; et al. Bioengineered 3D models of human pancreatic cancer recapitulate in vivo tumour biology. Nat. Commun. 2021, 12, 5623.
[CrossRef]

60. Zhang, Z.; Shiratsuchi, H.; Lin, J.; Chen, G.; Reddy, R.M.; Azizi, E.; Fouladdel, S.; Chang, A.C.; Lin, L.; Jiang, H.; et al. Expansion
of CTCs from early stage lung cancer patients using a microfluidic co-culture model. Oncotarget 2014, 5, 12383–12397. [CrossRef]

61. Gao, D.; Vela, I.; Sboner, A.; Iaquinta, P.J.; Karthaus, W.R.; Gopalan, A.; Dowling, C.; Wanjala, J.N.; Undvall, E.A.; Arora, V.K.; et al.
Organoid cultures derived from patients with advanced prostate cancer. Cell 2014, 159, 176–187. [CrossRef] [PubMed]

62. Arnoletti, J.P.; Fanaian, N.; Reza, J.; Sause, R.; Almodovar, A.J.; Srivastava, M.; Patel, S.; Veldhuis, P.P.; Griffith, E.; Shao, Y.P.; et al.
Pancreatic and bile duct cancer circulating tumor cells (CTC) form immune-resistant multi-cell type clusters in the portal venous
circulation. Cancer Biol. Ther. 2018, 19, 887–897. [CrossRef]

63. Sharick, J.T.; Walsh, C.M.; Sprackling, C.M.; Pasch, C.A.; Pham, D.L.; Esbona, K.; Choudhary, A.; Garcia-Valera, R.; Burkard, M.E.;
McGregor, S.M.; et al. Metabolic Heterogeneity in Patient Tumor-Derived Organoids by Primary Site and Drug Treatment. Front.
Oncol. 2020, 10, 553. [CrossRef] [PubMed]

64. Farshadi, E.A.; Chang, J.; Sampadi, B.; Doukas, M.; Van’t Land, F.; van der Sijde, F.; Vietsch, E.E.; Pothof, J.; Koerkamp, B.G.; van
Eijck, C.H.J. Organoids Derived from Neoadjuvant FOLFIRINOX Patients Recapitulate Therapy Resistance in Pancreatic Ductal
Adenocarcinoma. Clin. Cancer Res. 2021, 27, 6602–6612. [CrossRef]

65. Wensink, G.E.; Elias, S.G.; Mullenders, J.; Koopman, M.; Boj, S.F.; Kranenburg, O.W.; Roodhart, J.M.L. Patient-derived organoids
as a predictive biomarker for treatment response in cancer patients. NPJ Precis. Oncol. 2021, 5, 1–13. [CrossRef] [PubMed]

66. Raimondi, G.; Mato-Berciano, A.; Pascual-Sabater, S.; Rovira-Rigau, M.; Cuatrecasas, M.; Fondevila, C.; Sanchez-Cabus, S.;
Begthel, H.; Boj, S.F.; Clevers, H.; et al. Patient-derived pancreatic tumour organoids identify therapeutic responses to oncolytic
adenoviruses. EBioMedicine 2020, 56, 102786. [CrossRef] [PubMed]

67. Miyabayashi, K.; Baker, L.A.; Deschenes, A.; Traub, B.; Caligiuri, G.; Plenker, D.; Alagesan, B.; Belleau, P.; Li, S.; Kendall, J.; et al.
Intraductal Transplantation Models of Human Pancreatic Ductal Adenocarcinoma Reveal Progressive Transition of Molecular
Subtypes. Cancer Discov. 2020, 10, 1566–1589. [CrossRef] [PubMed]

68. Cao, L.; Huang, C.; Cui Zhou, D.; Hu, Y.; Lih, T.M.; Savage, S.R.; Krug, K.; Clark, D.J.; Schnaubelt, M.; Chen, L.; et al.
Proteogenomic characterization of pancreatic ductal adenocarcinoma. Cell 2021, 184, 5031–5052.e26. [CrossRef]

69. Provenzano, P.P.; Cuevas, C.; Chang, A.E.; Goel, V.K.; Von Hoff, D.D.; Hingorani, S.R. Enzymatic targeting of the stroma ablates
physical barriers to treatment of pancreatic ductal adenocarcinoma. Cancer Cell 2012, 21, 418–429. [CrossRef]

70. Garrido-Laguna, I.; Uson, M.; Rajeshkumar, N.V.; Tan, A.C.; de Oliveira, E.; Karikari, C.; Villaroel, M.C.; Salomon, A.; Taylor, G.;
Sharma, R.; et al. Tumor engraftment in nude mice and enrichment in stroma- related gene pathways predict poor survival and
resistance to gemcitabine in patients with pancreatic cancer. Clin. Cancer Res. 2011, 17, 5793–5800. [CrossRef]

71. Grunwald, B.T.; Devisme, A.; Andrieux, G.; Vyas, F.; Aliar, K.; McCloskey, C.W.; Macklin, A.; Jang, G.H.; Denroche, R.; Romero,
J.M.; et al. Spatially confined sub-tumor microenvironments in pancreatic cancer. Cell 2021, 184, 5577–5592.e18. [CrossRef]
[PubMed]

72. Wang, Y.; Liang, Y.; Xu, H.; Zhang, X.; Mao, T.; Cui, J.; Yao, J.; Wang, Y.; Jiao, F.; Xiao, X.; et al. Single-cell analysis of pancreatic
ductal adenocarcinoma identifies a novel fibroblast subtype associated with poor prognosis but better immunotherapy response.
Cell Discov. 2021, 7, 36. [CrossRef]

73. Dominguez, C.X.; Muller, S.; Keerthivasan, S.; Koeppen, H.; Hung, J.; Gierke, S.; Breart, B.; Foreman, O.; Bainbridge, T.W.;
Castiglioni, A.; et al. Single-Cell RNA Sequencing Reveals Stromal Evolution into LRRC15(+) Myofibroblasts as a Determinant of
Patient Response to Cancer Immunotherapy. Cancer Discov. 2020, 10, 232–253. [CrossRef] [PubMed]

74. Krieger, T.G.; Le Blanc, S.; Jabs, J.; Ten, F.W.; Ishaque, N.; Jechow, K.; Debnath, O.; Leonhardt, C.S.; Giri, A.; Eils, R.; et al. Single-cell
analysis of patient-derived PDAC organoids reveals cell state heterogeneity and a conserved developmental hierarchy. Nat.
Commun. 2021, 12, 5826. [CrossRef]

75. Öhlund, D.; Handly-Santana, A.; Biffi, G.; Elyada, E.; Almeida, A.S.; Ponz-Sarvise, M.; Corbo, V.; Oni, T.E.; Hearn, S.A.; Lee, E.J.;
et al. Distinct populations of inflammatory fibroblasts and myofibroblasts in pancreatic cancer. J. Exp. Med. 2017, 214, 579–596.
[CrossRef]

76. Biffi, G.; Oni, T.E.; Spielman, B.; Hao, Y.; Elyada, E.; Park, Y.; Preall, J.; Tuveson, D.A. IL1-Induced JAK/STAT Signaling Is
Antagonized by TGFbeta to Shape CAF Heterogeneity in Pancreatic Ductal Adenocarcinoma. Cancer Discov. 2019, 9, 282–301.
[CrossRef]

http://doi.org/10.1177/2472555218766842
http://www.ncbi.nlm.nih.gov/pubmed/29673279
http://doi.org/10.1016/j.cell.2021.11.017
http://doi.org/10.1073/pnas.1914915116
http://www.ncbi.nlm.nih.gov/pubmed/31843922
http://doi.org/10.1038/s41467-021-25921-9
http://doi.org/10.18632/oncotarget.2592
http://doi.org/10.1016/j.cell.2014.08.016
http://www.ncbi.nlm.nih.gov/pubmed/25201530
http://doi.org/10.1080/15384047.2018.1480292
http://doi.org/10.3389/fonc.2020.00553
http://www.ncbi.nlm.nih.gov/pubmed/32500020
http://doi.org/10.1158/1078-0432.CCR-21-1681
http://doi.org/10.1038/s41698-021-00168-1
http://www.ncbi.nlm.nih.gov/pubmed/33846504
http://doi.org/10.1016/j.ebiom.2020.102786
http://www.ncbi.nlm.nih.gov/pubmed/32460166
http://doi.org/10.1158/2159-8290.CD-20-0133
http://www.ncbi.nlm.nih.gov/pubmed/32703770
http://doi.org/10.1016/j.cell.2021.08.023
http://doi.org/10.1016/j.ccr.2012.01.007
http://doi.org/10.1158/1078-0432.CCR-11-0341
http://doi.org/10.1016/j.cell.2021.09.022
http://www.ncbi.nlm.nih.gov/pubmed/34644529
http://doi.org/10.1038/s41421-021-00271-4
http://doi.org/10.1158/2159-8290.CD-19-0644
http://www.ncbi.nlm.nih.gov/pubmed/31699795
http://doi.org/10.1038/s41467-021-26059-4
http://doi.org/10.1084/jem.20162024
http://doi.org/10.1158/2159-8290.CD-18-0710


Cancers 2022, 14, 525 21 of 22

77. Elyada, E.; Bolisetty, M.; Laise, P.; Flynn, W.F.; Courtois, E.T.; Burkhart, R.A.; Teinor, J.A.; Belleau, P.; Biffi, G.; Lucito, M.S.; et al.
Cross-Species Single-Cell Analysis of Pancreatic Ductal Adenocarcinoma Reveals Antigen-Presenting Cancer-Associated Fibrob-
lasts. Cancer Discov. 2019, 9, 1102–1123. [CrossRef] [PubMed]

78. Hutton, C.; Heider, F.; Blanco-Gomez, A.; Banyard, A.; Kononov, A.; Zhang, X.; Karim, S.; Paulus-Hock, V.; Watt, D.; Steele,
N.; et al. Single-cell analysis defines a pancreatic fibroblast lineage that supports anti-tumor immunity. Cancer Cell 2021, 39,
1227–1244.e20. [CrossRef]

79. Finnberg, N.K.; Gokare, P.; Lev, A.; Grivennikov, S.I.; MacFarlane, A.W.t.; Campbell, K.S.; Winters, R.M.; Kaputa, K.; Farma, J.M.;
Abbas, A.E.; et al. Application of 3D tumoroid systems to define immune and cytotoxic therapeutic responses based on tumoroid
and tissue slice culture molecular signatures. Oncotarget 2017, 8, 66747–66757. [CrossRef] [PubMed]

80. Neal, J.T.; Li, X.; Zhu, J.; Giangarra, V.; Grzeskowiak, C.L.; Ju, J.; Liu, I.H.; Chiou, S.H.; Salahudeen, A.A.; Smith, A.R.; et al.
Organoid Modeling of the Tumor Immune Microenvironment. Cell 2018, 175, 1972–1988.e16. [CrossRef]

81. Tsai, S.; McOlash, L.; Palen, K.; Johnson, B.; Duris, C.; Yang, Q.; Dwinell, M.B.; Hunt, B.; Evans, D.B.; Gershan, J.; et al.
Development of primary human pancreatic cancer organoids, matched stromal and immune cells and 3D tumor microenvironment
models. BMC Cancer 2018, 18, 335. [CrossRef]

82. Holokai, L.; Chakrabarti, J.; Lundy, J.; Croagh, D.; Adhikary, P.; Richards, S.S.; Woodson, C.; Steele, N.; Kuester, R.; Scott, A.;
et al. Murine- and Human-Derived Autologous Organoid/Immune Cell Co-Cultures as Pre-Clinical Models of Pancreatic Ductal
Adenocarcinoma. Cancers 2020, 12, 3816. [CrossRef] [PubMed]

83. Choi, J.I.; Jang, S.I.; Hong, J.; Kim, C.H.; Kwon, S.S.; Park, J.S.; Lim, J.B. Cancer-initiating cells in human pancreatic cancer
organoids are maintained by interactions with endothelial cells. Cancer Lett. 2021, 498, 42–53. [CrossRef] [PubMed]

84. Koikawa, K.; Ohuchida, K.; Ando, Y.; Kibe, S.; Nakayama, H.; Takesue, S.; Endo, S.; Abe, T.; Okumura, T.; Iwamoto, C.; et al.
Basement membrane destruction by pancreatic stellate cells leads to local invasion in pancreatic ductal adenocarcinoma. Cancer
Lett. 2018, 425, 65–77. [CrossRef]

85. Gendoo, D.M.A.; Denroche, R.E.; Zhang, A.; Radulovich, N.; Jang, G.H.; Lemire, M.; Fischer, S.; Chadwick, D.; Lungu, I.M.;
Ibrahimov, E.; et al. Whole genomes define concordance of matched primary, xenograft, and organoid models of pancreas cancer.
PLoS Comput. Biol. 2019, 15, e1006596. [CrossRef]

86. Pemovska, T.; Johnson, E.; Kontro, M.; Repasky, G.A.; Chen, J.; Wells, P.; Cronin, C.N.; McTigue, M.; Kallioniemi, O.; Porkka,
K.; et al. Axitinib effectively inhibits BCR-ABL1(T315I) with a distinct binding conformation. Nature 2015, 519, 102–105. [CrossRef]

87. Pemovska, T.; Kontro, M.; Yadav, B.; Edgren, H.; Eldfors, S.; Szwajda, A.; Almusa, H.; Bespalov, M.M.; Ellonen, P.; Elonen, E.; et al.
Individualized systems medicine strategy to tailor treatments for patients with chemorefractory acute myeloid leukemia. Cancer
Discov. 2013, 3, 1416–1429. [CrossRef]

88. Ianevski, A.; Giri, A.K.; Aittokallio, T. SynergyFinder 2.0: Visual analytics of multi-drug combination synergies. Nucleic Acids. Res.
2020, 48, W488–W493. [CrossRef]

89. Awasthi, N.; Kronenberger, D.; Stefaniak, A.; Hassan, M.S.; von Holzen, U.; Schwarz, M.A.; Schwarz, R.E. Dual inhibition of the
PI3K and MAPK pathways enhances nab-paclitaxel/gemcitabine chemotherapy response in preclinical models of pancreatic
cancer. Cancer Lett. 2019, 459, 41–49. [CrossRef] [PubMed]

90. Chung, V.; McDonough, S.; Philip, P.A.; Cardin, D.; Wang-Gillam, A.; Hui, L.; Tejani, M.A.; Seery, T.E.; Dy, I.A.; Al Baghdadi,
T.; et al. Effect of Selumetinib and MK-2206 vs. Oxaliplatin and Fluorouracil in Patients with Metastatic Pancreatic Cancer after
Prior Therapy: SWOG S1115 Study Randomized Clinical Trial. JAMA Oncol. 2017, 3, 516–522. [CrossRef]

91. Kun, E.; Tsang, Y.T.M.; Ng, C.W.; Gershenson, D.M.; Wong, K.K. MEK inhibitor resistance mechanisms and recent developments
in combination trials. Cancer Treat Rev. 2021, 92, 102137. [CrossRef]

92. Vena, F.; Li Causi, E.; Rodriguez-Justo, M.; Goodstal, S.; Hagemann, T.; Hartley, J.A.; Hochhauser, D. The MEK1/2 Inhibitor
Pimasertib Enhances Gemcitabine Efficacy in Pancreatic Cancer Models by Altering Ribonucleotide Reductase Subunit-1 (RRM1).
Clin. Cancer Res. 2015, 21, 5563–5577. [CrossRef] [PubMed]

93. Pedersen, K.; Bilal, F.; Bernado Morales, C.; Salcedo, M.T.; Macarulla, T.; Masso-Valles, D.; Mohan, V.; Vivancos, A.; Carreras, M.J.;
Serres, X.; et al. Pancreatic cancer heterogeneity and response to Mek inhibition. Oncogene 2017, 36, 5639–5647. [CrossRef]

94. Garrido-Laguna, I.; Hidalgo, M. Pancreatic cancer: From state-of-the-art treatments to promising novel therapies. Nat. Rev. Clin.
Oncol. 2015, 12, 319–334. [CrossRef]

95. Van Cutsem, E.; Hidalgo, M.; Canon, J.L.; Macarulla, T.; Bazin, I.; Poddubskaya, E.; Manojlovic, N.; Radenkovic, D.; Verslype, C.;
Raymond, E.; et al. Phase I/II trial of pimasertib plus gemcitabine in patients with metastatic pancreatic cancer. Int. J. Cancer
2018, 143, 2053–2064. [CrossRef] [PubMed]

96. Infante, J.R.; Somer, B.G.; Park, J.O.; Li, C.P.; Scheulen, M.E.; Kasubhai, S.M.; Oh, D.Y.; Liu, Y.; Redhu, S.; Steplewski, K.; et al. A
randomised, double-blind, placebo-controlled trial of trametinib, an oral MEK inhibitor, in combination with gemcitabine for
patients with untreated metastatic adenocarcinoma of the pancreas. Eur. J. Cancer 2014, 50, 2072–2081. [CrossRef] [PubMed]

97. Cui, Y.; Brosnan, J.A.; Blackford, A.L.; Sur, S.; Hruban, R.H.; Kinzler, K.W.; Vogelstein, B.; Maitra, A.; Diaz, L.A., Jr.; Iacobuzio-
Donahue, C.A.; et al. Genetically defined subsets of human pancreatic cancer show unique in vitro chemosensitivity. Clin. Cancer.
Res. 2012, 18, 6519–6530. [CrossRef] [PubMed]

98. Julkunen, H.; Cichonska, A.; Gautam, P.; Szedmak, S.; Douat, J.; Pahikkala, T.; Aittokallio, T.; Rousu, J. Leveraging multi-way
interactions for systematic prediction of pre-clinical drug combination effects. Nat. Commun. 2020, 11, 6136. [CrossRef] [PubMed]

http://doi.org/10.1158/2159-8290.CD-19-0094
http://www.ncbi.nlm.nih.gov/pubmed/31197017
http://doi.org/10.1016/j.ccell.2021.06.017
http://doi.org/10.18632/oncotarget.19965
http://www.ncbi.nlm.nih.gov/pubmed/28977993
http://doi.org/10.1016/j.cell.2018.11.021
http://doi.org/10.1186/s12885-018-4238-4
http://doi.org/10.3390/cancers12123816
http://www.ncbi.nlm.nih.gov/pubmed/33348809
http://doi.org/10.1016/j.canlet.2020.10.012
http://www.ncbi.nlm.nih.gov/pubmed/33188841
http://doi.org/10.1016/j.canlet.2018.03.031
http://doi.org/10.1371/journal.pcbi.1006596
http://doi.org/10.1038/nature14119
http://doi.org/10.1158/2159-8290.CD-13-0350
http://doi.org/10.1093/nar/gkaa216
http://doi.org/10.1016/j.canlet.2019.05.037
http://www.ncbi.nlm.nih.gov/pubmed/31153980
http://doi.org/10.1001/jamaoncol.2016.5383
http://doi.org/10.1016/j.ctrv.2020.102137
http://doi.org/10.1158/1078-0432.CCR-15-0485
http://www.ncbi.nlm.nih.gov/pubmed/26228206
http://doi.org/10.1038/onc.2017.174
http://doi.org/10.1038/nrclinonc.2015.53
http://doi.org/10.1002/ijc.31603
http://www.ncbi.nlm.nih.gov/pubmed/29756206
http://doi.org/10.1016/j.ejca.2014.04.024
http://www.ncbi.nlm.nih.gov/pubmed/24915778
http://doi.org/10.1158/1078-0432.CCR-12-0827
http://www.ncbi.nlm.nih.gov/pubmed/22753594
http://doi.org/10.1038/s41467-020-19950-z
http://www.ncbi.nlm.nih.gov/pubmed/33262326


Cancers 2022, 14, 525 22 of 22

99. Hayes, T.K.; Neel, N.F.; Hu, C.; Gautam, P.; Chenard, M.; Long, B.; Aziz, M.; Kassner, M.; Bryant, K.L.; Pierobon, M.; et al.
Long-Term ERK Inhibition in KRAS-Mutant Pancreatic Cancer Is Associated with MYC Degradation and Senescence-like Growth
Suppression. Cancer Cell 2016, 29, 75–89. [CrossRef]

100. Hadj Bachir, E.; Poiraud, C.; Paget, S.; Stoup, N.; El Moghrabi, S.; Duchêne, B.; Jouy, N.; Bongiovanni, A.; Tardivel, M.; Weiswald,
L.B.; et al. A new pancreatic adenocarcinoma-derived organoid model of acquired chemoresistance to FOLFIRINOX: First insight
of the underlying mechanisms. Biol. Cell 2022, 114, 32–55. [CrossRef]

101. Peng, J.; Sun, B.F.; Chen, C.Y.; Zhou, J.Y.; Chen, Y.S.; Chen, H.; Liu, L.; Huang, D.; Jiang, J.; Cui, G.S.; et al. Single-cell RNA-seq
highlights intra-tumoral heterogeneity and malignant progression in pancreatic ductal adenocarcinoma. Cell Res. 2019, 29,
725–738. [CrossRef]

http://doi.org/10.1016/j.ccell.2015.11.011
http://doi.org/10.1111/boc.202100003
http://doi.org/10.1038/s41422-019-0195-y

	Introduction 
	Traditional PDAC Models 
	PDAC Cell Lines 
	Patient-Derived Xenografts 
	Genetically Engineered Mouse Models 

	Pancreatic Cancer Organoids 
	Organoid Technology 
	Organoid Culture Conditions and Success Rates 

	Organoid Applications 
	Drug Sensitivity and Resistance Testing and Personalized Medicine 
	Neoplasia Modeling 
	Co-Cultures 
	Organoid Biobanks 

	A Single-Institute Experience: Organoids as a Drug Sensitivity Testing Platform for Pancreatic Cancer 
	Organoid Culture, Drug Administration and Response Quantification 
	Organoid Viability Responses Show Both Individual and Shared Patterns 
	Measuring Organoid Cell Death Together with Viability Important for Future Clinical Correlation Studies 
	The 384-Well Organoid Profiling Platform Is Useful for Drug Combination Studies 
	Single Cell Organoid Drug Sensitivity and Resistance Testing Reveals Single Surviving Tumor Cells 

	Conclusions and Future Directions 
	References

