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Abstract: Pancreatic and ampullary cancers remain highly morbid diseases for which accurate
clinical predictions are needed for precise therapeutic predictions. Patient-derived cancer organoids
have been widely adopted; however, prior work has focused on well-level therapeutic sensitivity.
To characterize individual oligoclonal units of therapeutic response, we introduce a low-volume
screening assay, including an automated alignment algorithm. The oligoclonal growth response
was compared against validated markers of response, including well-level viability and markers of
single-cell viability. Line-specific sensitivities were compared with clinical outcomes. Automated
alignment algorithms were generated to match organoids across time using coordinates across a
single projection of Z-stacked images. After screening for baseline size (50 µm) and circularity (>0.4),
the match efficiency was found to be optimized by accepting the diffusion thresholded with the root
mean standard deviation of 75 µm. Validated well-level viability showed a limited correlation with
the mean organoid size (R = 0.408), and a normalized growth assayed by normalized changes in area
(R = 0.474) and area (R = 0.486). Subclonal populations were defined by both residual growth and
the failure to induce apoptosis and necrosis. For a culture with clinical resistance to gemcitabine
and nab-paclitaxel, while a therapeutic challenge induced a robust effect in inhibiting cell growth
(G∆ = 1.53), residual oligoclonal populations were able to limit the effect on the ability to induce
apoptosis (G∆ = 0.52) and cell necrosis (G∆ = 1.07). Bioengineered approaches are feasible to capture
oligoclonal heterogeneity in organotypic cultures, integrating ongoing efforts for utilizing organoids
across cancer types as integral biomarkers and in novel therapeutic development.

Keywords: organoids; therapeutic response; cancer heterogeneity; pancreatic cancer; ampullary
cancer; apoptosis; necrosis

1. Introduction

Pancreatic and ampullary cancers are aggressive malignancies projected to become
leading causes of cancer-related mortality by 2030 [1]. The most aggressive disease histol-
ogy of adenocarcinoma exhibits hallmarks of early metastases and therapeutic resistance,
with 5-year survival estimated at 10% [2]. The current standard of care therapies include
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combination chemotherapy with FOLFIRINOX (FFX; 5-fluorouracil, irinotecan, and ox-
aliplatin) [3] and the combination of gemcitabine and nab-paclitaxel (gem/nab-pac) [4].
To date, there are no prospective clinical trials to differentiate sensitivities between these
therapeutic regimens to personalize therapeutic strategies. There remains a significant op-
portunity to improve precision strategies for these cancers through screening applications,
as well as to develop novel biomarkers for clinical prediction.

Several barriers have been discovered in the development of biomarkers predictive of
effective systemic therapies. The tumor microenvironment, including a highly immuno-
suppressive and dense desmoplastic stroma, remains a formidable barrier [5]. As such,
therapeutic strategies must maintain large therapeutic indices to achieve a response; how-
ever, they must also consider the high degree of inter- and intra-tumor heterogeneity within
pancreatic ductal adenocarcinoma (PDAC) [6,7]. Additionally, cancer stem cells (CSCs) in
pancreatic cancer are highly plastic in mediating adaptive resistance to both chemotherapy
and radiotherapy [8,9]. Characterizing subclonal resistance cannot be achieved clinically
due to high costs for serial biopsy and few identified precision targets in these cancer types.

Historical models of pancreatic and ampullary cancers include two-dimensional (2D)
cell cultures or patient-derived xenograft (PDX) models, while patient-derived cancer
organoids (PCOs) have significantly grown in popularity over the past decade [10–12].
Unfortunately, traditional 2D cell cultures do not fully recapitulate the complexities of
cancer biology and harbor inconsistencies in culture development with the selection of
subclones for enhanced growth and adhesion. PDX models have been well established
for in vivo therapeutic investigations; however, these models incur added financial costs
associated with maintaining animal colonies. These costs increase rapidly, especially when
considering the screening needed for combination therapy across the breadth of therapeutic
development. Comprehensive next-generation sequencing has shown that molecular
profiles of patient-derived organotypic cultures preserve concordance with primary tumor
and established PDX models, with signatures predictive of clinical response [13–15].

Organotypic cultures in a 3D matrix have enabled the evaluation of disease biology in
an efficient, cost-effective, and high-throughput manner [16]. PCOs can be developed from
a variety of clinical samples (e.g., biopsy, surgical resection, or malignant effusion). These
models are established quickly, at low cost, with improved success in comparison to patient-
derived xenografts [17–19]. These cultures maintain the features of the cancers from which
they were derived, including genetic alterations, metabolism, and drug response [10,20–25].
Organoids from patient-derived tumors maintain the cell–cell communication and the 3D
architecture needed to accurately assess the individualized drug response [10,24–26].

Accurate models for the prediction of therapeutic response must consider the contri-
butions of oligoclonal populations. Cancer heterogeneity in pancreatic models is expanded
when transitioning cultures from 2D to 3D using spheroid or patient-derived organotypic
applications [27]. The challenge remains that few phenotypic screening assays consider
the contributions of the oligoclonal elements within a given culture. Most assays rely on a
well-level viability response using dosing extensions beyond physiologic values [11,12].
Unique techniques for response have included the use of optical metabolic imaging and
high content fluorescence imaging to train a neural-network model, both with applications
in label-free drug response prediction [28,29].

To date, there are no tools that utilize subclonal heterogeneity for the prediction
of distinct clinically resistant populations. While a majority of pathologic drivers are
preserved, autopsy series from patients with definitive surgical management highlighted
the importance of subclonal populations with the selection of resistant populations at the
time of disease recurrence [30]. While cancer evolution can be tracked using molecular
profiling, no clinical tools exist to track this resistance or predict which subclonal population
will confer resistance for an individual patient. Furthermore, resistance is mediated at
the level of both subclonal DNA alterations and complex epigenetic and transcriptional
regulation [31,32]. There remains a critical unmet need to map such subclonal populations
of cancer in the oligoclonal resistant population within a given tumor. PCOs are emerging
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as an important model systemic, given their role in expanding subclonal populations and
longitudinal applications to understanding therapeutic resistance.

In this study, we generate an automated alignment algorithm to track the population-
level organoid response in pancreatic and ampullary PCO models. The primary objective
was to characterize the individual organoid response by tracking this across hundreds of
individual organoids. The study aimed to establish thresholds for the stochastic diffusion
of organoids in commercially available matrices. Additionally, line-specific sensitivities
were established, with varied sensitivities against single agents and a combination standard
of care chemotherapy. We hypothesized that subclonal populations exist with the failure to
induce apoptosis and necrosis. When adapted to screen level applications, well-level viabil-
ity was not predictive of organoid size or growth, consistent with the subclonal resistance
observed within cultures. While both well-level and growth have served as a surrogates
for response, the failure to induce an irreversible intraorganoid response by apoptosis and
necrosis remains a formidable barrier for successful therapeutic development.

2. Materials and Methods
2.1. Tissue Processing

All studies were completed following institutional review board (IRB) approval, with
consent obtained from subjects prior to tissue acquisition from the UW Translational Science
BioCore (UW IRB#2016-0934). Briefly, tissue was obtained from needle biopsy and primary
surgical resection, with different sampling sites (Table S1). The sample was placed in
chelation buffer for at least 30 min. Digestion was performed in base media (Table S2)
with collagenase 1 mg/mL (Sigma, St. Louis, MO, USA), papain 0.4 U/mL (Worthington,
NJ, USA), and ROCK inhibitor Y-27632 10 µM (Medchemexpress, Princeton, NJ, USA). The
tissue was grossly dissected for use in the suspension using a razor blade and digested
for 30 min at 37 ◦C with intermittent shaking and two mechanical disruptions using a
gentleMACS Dissociator (Miltenyi Biotec, Bergish Gladbach, Germany). Malignant fluids
(pleural effusions) were initially pelleted and separated using a Ficoll preparation (Cytiva,
Uppsala, Sweden). The tissue suspension was centrifuged at 700× g at 4 ◦C for 5 min and
resuspended in the base media. The PCO suspensions were immediately mixed at a 1:1 ratio
with Cultrex Growth Factor Reduced Basement Membrane, Type 2, Select (R&DSystems,
Minneapolis, MN, USA). Droplet suspensions were plated and set for 3–5 min at 37 ◦C,
then inverted for at least 30 min to solidify the matrix and avoid direct contact of PCOs
with the plastic interface. The plated cultures were covered with feeding medium and
incubated at 37 ◦C in 5% CO2, with the regular medium replaced every 72 h. The media
formulas were adapted from existing protocols optimized for pancreatic and hepatobiliary
applications [29]. For selective WNT activation in serum free conditions, the next generation
WNT surrogate peptide was included at 500 pm (Immunoprecise, Utrecht, Netherlands)
for selective activation [29,33].

2.2. Response Assay Preparation

The cultures were expanded for multiple passages (at least 3) prior to conducting
the therapeutic assays. For passaging, base media was added to the wells to solubilize
the matrix using mechanical disruption. Cell suspensions were centrifuged at 700× g at
4 ◦C for 5 min. Organoid pellets were resuspended in the base media in a 1:1 ratio with
the matrix prior to plating. Tissue culture-treated 24-well plates (VWR, Randor, PA, USA)
were used for traditional passaging and growth characterization (as above). Low volume
assays were performed by plating 500 cells/µL. All cells were counted using a Countess II
(Invitrogen, Bothell, WA, USA) using a 1:1 cell suspension mixture with trypan blue 0.4%
(VWR, Solon, OH, USA). Low volume assays were performed in a 96-well low-volume
angiogenesis plate (Ibidi, Bavira, Germany), with a matrix volume of 10 µL per well. Due
to improved hydrostatic pressure, cultures were inverted immediately after plating in the
96-well format. All treatment and response assays were initiated 24 h after culture plating.
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2.3. Organoid Histology

After culture expansion, at least 16 confluent wells were selected for fixation. The
media was replaced with 2% paraformaldehyde (PFA) (Sigma), without matrix disruption,
for 15 min. Then, the matrix was mechanically disrupted with a collection of PFA-based
organoid suspensions. The fixed cells were centrifuged 1000× g for 5 min at 4 ◦C. The
supernatant was aspirated and resuspended in 50% EtOH (Decon, Prussia, PA, USA). The
organoids were repeatedly centrifuged and resuspended with increasing amounts of EtOH
for dehydration (70%, 80%, 95%, and 100%). Dehydrated organoid suspensions were
maintained at 4 ◦C and provided to the University of Wisconsin Carbone Cancer Center
(UWCCC) Experimental Animal Pathology Lab for block preparation, slide processing, and
H&E staining. All slide imaging was performed with a 40× objective with an Eclipse E200
(Nikon, Tokyo, Japan), and images were prepared using an NIS-Elements D (Nikon).

2.4. Chemotherapy Response Assessment

At the time of assay, baseline images were collected prior to pharmacologic agent
preparation. Dosing was performed using a physiologic Cmax of 5-fluorouracil (5-FU)
10 µM [34], oxaliplatin 5 µM [35], SN-38 1.5 nM [36], gemcitabine 50 µM [37], and nab-
paclitaxel 10 µM [38]. All treatments were changed daily, with continuous therapy of
nab-paclitaxel (72 h), while 5-FU, oxaliplatin, and SN-38 were provided for 48 h, and
gemcitabine was used for 24 h only to model the early clearance pharmacokinetics [39]. The
media was replaced every 24 h over the duration of the experiment in all wells, including
control. The pharmacologic agents were received from the UWCCC Pharmacy, including
5-FU (Fresenius, Lake Zurich, IL, USA), gemcitabine (Hospira, Lake Forest, IL, USA),
oxaliplatin (Hospira), and nab-paclitaxel (Twi, Paramus, NJ, USA). Additional agents were
prepared from stock powders, including SN-38 (MedChemExpress, Princeton, NJ, USA).
All DMSO concentrations were maintained <0.1% v/v across all experimental groups. The
effect size was measured using Glass’s Delta (G∆) to account for the difference between
the treatment and control group as normalized to the standard deviation of the control
population. An effect size for the normalized ∆ diameter was considered with intermediate
response, with threshold >1.25, based on prior reports [40,41].

2.5. Viability Staining

After 72 h, brightfield imaging was performed prior to staining. The media was
aspirated with the addition of a staining solution, including CD117 Violet Blue 0.5% v/v
(BioLegend, San Diego, CA, USA), ToPro3 0.3% v/v (Invitrogen), and Caspase3/7 2.5 µM
(Sartorius, Gottingen, Germany), in the base media. To validate the index of the diameter,
PCOs were stained with Hoechst 33342 13 µM (Invitrogen, Eugene, OR, USA). All staining
was performed for 2 h at 37 ◦C. Once incubation was complete, the staining solution was
aspirated off, and the wells were washed twice with 1× PBS (Gibco, Grand Island, NY, USA)
prior to imaging.

2.6. Therapeutic Screening

PDAC PCOs were plated in a 96-well assay (as above), including 5000 cells in a 10 µL
matrix. A custom library of 80 lead therapeutic agents was identified from ongoing phase
I/II clinical trials in development. These agents were prepared per the manufacturing
guidance (MedChemExpress, Princeton, NJ, USA) and dosed at physiologic values up
to 5 µM (Table S3). Small molecules were added using Echo 550 (Beckman Coulter, In-
dianapolis, IN, USA) for low-volume liquid handling in collaboration with the UWCCC
Drug Development Core. No pharmacologic adjustments or media replacements were
performed over the duration of therapeutic screening. Following drug incubation, cell
viability was measured by adding 3D Cell Titer-Glo luminescence 33.3% v/v (Promega,
Madison, WI, USA). After adding the reagent, the plate was shaken for 5 min, incubated
for 25 min at room temperature in the dark, and the luminescence was measured using a
Gen5 plate reader (Biotek, Santa Clara, CA, USA).
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2.7. Brightfield Imaging

Brightfield imaging was performed at 0 h and 72 h using Cytation5 (Biotek) with a
4× objective with a 5 field Z-stack (±2 fields of view ×100 µm from the autofocused plane).
Subsequent image preprocessing was performed to control background signal intensity
to render a single Z-projection for analysis. Individual objects were defined based on an
automated contrast threshold between the edges of regions of interest and the background
of the plate. Maximum diameter, area, x-coordinate, y-coordinate, and circularity were
exported. Objects with a diameter between 50 µm and 750 µm were included in the
analysis. The normalized change in diameter was compared using the difference between
72 h and 0 h, normalized to the 0 h value. This was repeated for individual objects across
3 experimental replicates and 3 technical replicates for all chemotherapy treatment studies.

2.8. Fluorescence Imaging

After staining, fluorescence imaging was performed using identical fields of view,
using the autofocus, as defined from brightfield imaging. The images underwent identical
Z-projections and image pre-processing per each replicate. The excitation parameters
were held constant between technical replicates; however, there were minor variations in
exposure timing to control for minor fluctuations in day-specific fluorophore sensitivity
(Table S4). All values were compared relative to the untreated media control across at least
3 experimental replicates and 3 technical replicates for all chemotherapy treatment studies.

2.9. Semi-Automated Matching of Objects

Object-level metrics were collected and processed within a program hosted in Mi-
crosoft Excel. Circularity (Equation (1)) was the first exclusionary criteria measured as
continuous between 0 and 1, defined as:

Circularity =
Perimeter2

4π× Area
(1)

Utilizing the x and y coordinates a nearest neighbor matrix (NNM) was generated by
assessing the Euclidean distance, or root mean standard deviation (RMSD), between each
object in the units of µm:

RMSD =

√
(y 2−y1)

2+(x 2−x1

)2
(2)

The NNM was subsequently converted into a binary validation matrix (BVM), in which
distances below or equal to a user-defined value of Euclidean distance were coded into
values [0, 1] representing true matches (1) or false matches (0). Objects with multi-mapping
behavior were excluded from all analyses.

2.10. Optimized Selection Criterion

The assumption was made that successful matches of objects that pass both of circular-
ity and RMSD operators were single organoids. The function of variance (K) was defined
using the equation:

K =
(
∑
∣∣∣M − Xreplicate

∣∣∣)2
(3)

where M is the median of the aggregate percentage of the objects matched at a given
circularity index, and X is the percentage of objects matched.

3. Results
3.1. Low Volume Organoid Screening Supports Organoid Development

Across all three independent cultures, PCOs plated in a 96-well low-volume format showed
a similar normalized ∆ diameter versus the expansion cultures, as assayed at 72 h (Figure 1a,)
without any meaningful difference in population effect size (G∆). When assayed with identical
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concentrations (500 cells/µL), the PDAC2 and AMPC cultures showed improved object matched
at +186% (p < 0.005) and +224% (p < 0.005), respectively (Figure 1c).

h

Figure 1. Evaluation of low−volume organotypic screening. (a) Design of traditional hanging drop
format of the 50 µL in 24−well plates versus the adapted high−content design of the 10 µL matrix
in low−volume 96-well screening. (b) Violin plots of the normalized change in diameter for three
established PCO organoid lines with effect sizes (G∆) normalized to the traditional hanging drop.
(c) Violin plots of the number of organoids established per µL of the matrix with corresponding
Student t−testing for each pairwise set. (d) AMPC organoids imaged in media-only, conditioned and
assayed using an established marker for viability (Hoescht) at 72 h; scale bar is 1000 µm, including
(I) the brightfield image of AMPC1, (II) image of Hoescht-stained AMPC1, (III) object selection
through Gen5 on the brightfield image, and (IV) object selection through Gen5 using only Hoescht
staining. (e) The percentage of the total object population, matched and unmatched, across the
continuous variable of the circularity index. (f) First derivative of change in objects for matched
and total selected conditions across the circularity index. (g) Optimal RMSD is shown by the local
maximum of the difference (purple) between the percentage of successful matches between two true
inputs (green) and random assorted images (red). (h) First derivative of all three inputs to evaluate
alignment, where match rate is surpassed by random rate.

3.2. Circularity and Euclidean Distant Thresholds for Accurate Organoid Alignment

The brightfield imaging was predictive of Hoescht staining as assayed by area (R = 0.991,
Figure 1d and Figure S1). Circularity was considered as a continuous variable across
increments of 0.1. The percentage of matched objects was surpassed by the percentage of
unmatched objects beyond 0.4 (Figure 1e,f). The second selection operator of Euclidean
distance (RMSD) was considered as a continuous variable from 1 µm and 200 µm. At 75 µm,
there was maximum match success of 63.3%, when evaluated across 8 experimental sets
(Figure 1g). Importantly, there was an increase in false matches using random assessment
when exceeding RMSD > 75 µm, consistent with the first derivative in considering the
difference between matched and random imaging alignment (Figure 1g,h).

3.3. Well-Level Viability Has Limited Predictive Values against Organoid Growth

To compare well-level viability to organoid growth, a medium throughput screening was
performed in PDAC2 culture using 80 agents used in early phase clinical trials (Figure 2a).
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Across 4 technical replicates, a wide range of therapeutic responses was observed for single
agents, with a fixed dose up to 5 µM (Table S3). Importantly, subclonal resistance was readily
apparent in cultures reported with representative treatment of the single agent navitoclax,
including a normalized viability < 0.5; however, clear organoid growth was observed in the
culture (Figure 2b). Limited correlations were observed for well-level normalized viability
and median organoid size (R = 0.408, Figure 2c), mean ∆ area (R = 0.474, Figure 2d), and mean
∆ diameter (R = 0.486, Figure 2e).
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Figure 2. Comparison of population-based organoid response and well-level viability. (a) Bar chart of
therapeutic response in PDAC2 after 72 h, normalized to control viability across 80 agents used in early
phase clinical development. Error bars represent standard deviation for normalized viability across
four technical replicates. (b) Representative brightfield imaging at 0 h and 72 h, showing evidence of
subclonal response heterogeneity after treatment with 1 µM navitoclax, including organoids with
phenotypic resistance (red) and response (green). (c,d) Dot plots defined to compare normalized
well-viability from screening (a) against (c) median organoid size alone at 72 h; (d) mean organoid ∆
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in area normalized to start of treatment; (e) mean organoid ∆ in diameter normalized to start of
treatment. Error bars represent standard deviations for normalized viability across four technical
replicates. The Pearson correlation coefficient (R) is shown with data generated, including the
evaluation of n = 6381 organoids.

3.4. Organoid Sensitivity Can Be Tracked by Automated Population Growth

AMPC1 stained with H&E showed ongoing nuclear atypia and high nuclear to cytoplasm
ratios, as well as mucin production consistent with advanced cancer (Figure 3a,f). Given the
clinical uncertainty of chemotherapy in ampullary cancer, AMPC1 was treated with a panel of
different chemotherapies. When tracked for growth, AMPC1 was found to have similar sensi-
tivity to gem/nab-pac (mean growth +1%, G∆ = 1.40) and FFX (mean growth +2%, G∆ = 1.39,
Figure 3b,c) and harbored exquisite sensitivity to gem (mean growth +0%, G∆ = 1.46); how-
ever, it was found to be resistant to single agent SN-38 (G∆ = 0.60).
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staining of AMPC1, with corresponding nuclear atypia, ahigh nuclear to cytoplasmic ratio, and nuclear
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atypia. (b) Images of AMPC1 organoids by treatment type, including media control (top row),
FFX (second row), and gem/nab-pac (third row), with brightfield microscopy at 0 h and 72 h, and
fluorescence microscopy for caspase-3/7 (apoptosis) and ToPro3 (necrosis) at 72 h. (c) Violin plot
of normalized % change in diameter of AMPC1 when treated with chemotherapies, as well as their
respective effect sizes. (d) Violin plot of % of area positive for caspase-3/7 of AMPC1 when treated
with chemotherapies, along with their respective effect sizes. (e) Violin plot of % of area positive for
necrosis marker ToPro3 for AMPC1 when treated with chemotherapies, as well as their effect sizes.
(f) H&E staining of PDAC1 organoids showing nuclear atypia and a high N/C ratio. (g) Images of
PDAC1 organoids, including media control (top row), FFX (second row), and gem/nab-pac (third
row) with brightfield microscopy at 0 h and 72 h, and fluorescence microscopy for caspase-3/7
(apoptosis) and ToPro3 (necrosis) at 72 h. (h) Violin plot of normalized % change in diameter for
PDAC1 when treated with chemotherapies, along with their effect sizes. (i) Violin plot of % of area
positive for caspase-3/7 of PDAC1 when treated with chemotherapies, as well as their respective
effect sizes. (j) Violin plot of % area positive for necrosis marker ToPro3 for PDAC1 when treated
with chemotherapies, along with their respective effect sizes. Scale bars are 20 µm for IHC images
(a,f) and 1000 µm for well-level microscopy (b,g).

PDAC1 was found to have nuclear atypia and apoptotic bodies consistent with an
aggressive clinical presentation (Figure 3f). PDAC1 exhibited sensitivity to gem/nab-
paclitaxel chemotherapy (mean growth +10%, G∆ = 1.32); however, a significant population
showed resistance to FFX (mean growth +26%, G∆ = 1.04; Figure 3g,h). Persistent growth
was observed across mean values for all single agents, as well as the combination chemother-
apy regimens. This aggressive disease histology was consistent with a clinical history that
included mortality on the order of few days from subsequent hepatic failure.

3.5. Organoid Sensitivity Can Be Tracked for Markers of Induced Apoptosis and Necrosis

Consistent with chemotherapy achieving growth arrest, AMPC1 transitioned from
markers of apoptosis (Figure 3d) to markers of necrosis (Figure 3e). The response by
induced apoptosis was increased for gem/nab-pac (G∆ = 1.22), largely driven by gemc-
itabine (G∆ = 1.39), and improved when compared to combination FFX (G∆ = 0.72). The
response for necrosis was also increased for gem/nab-pac (G∆ = 1.94), largely driven by
gemcitabine (G∆ = 2.28), and improved when compared to combination FFX (G∆ = 1.62).
When combined with the growth data, these results highlight the differential sensitivity to
chemotherapy containing gemcitabine. PDAC1 showed persistent growth across popula-
tions, and the contributions for induced apoptosis and necrosis were limited (Figure 3g,i,j).
Staining for markers of induced apoptosis showed limited responses for FFX (G∆ = 0.34)
and gem/nab-pac (G∆ = 0.48; Figure 3g,i). PDAC1 exhibited a limited response to necrosis
when treated with FFX (G∆ = −0.30) and gem/nab-pac (G∆ = 0.92).

3.6. Characterizing Multiplex Pancreatic Organoid Response with Clinical Resistance

PDAC2 was produced from malignant effusion generated after recurrence with neoad-
juvant FFX and disease progression with combination gem/nab-pac (Figure 4a). The
expanded organoid culture showed preserved nuclear atypia at early passage (Figure 4b).
Here, PDAC2 showed growth arrest with gem (mean growth +2%, G∆ = 1.69), and
gem/nab-pac (mean growth +3%, G∆ = 1.53), as well as a response to FFX (mean growth +7%,
G∆ = 1.41; Figure 4c,d).
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Figure 4. Therapeutic response assessment of clinical resistance. (a) Clinical course of PDAC2
including serial CT thorax showing recurrence after neoadjuvant FFX (green*, day 421), pulmonary
disease progression (violet*, day 902), and the development of malignant pleural effusion (black*,
day 983), with a corresponding site of prior irradiation (blue*). (b) H&E staining of PDAC2 organoids
displaying typical cancer phenotypes, such as nuclear atypia and a high N/C ratio; scale bar is
20 µm. (c) Images of PDAC2 organoids by treatment type, including media control (top row),
FFX (second row), and gem/nab-pac (third row), with brightfield microscopy at 0 h and 72 h, and
fluorescence microscopy for caspase-3/7 (apoptosis) and ToPro3 (necrosis) at 72 h. The third row
shows gem/nab-pac treatment; scalebar is 1000 µm. (d) Violin plot of normalized % change in
diameter of PDAC2 organoids treated with chemotherapies and their respective effect sizes. (e) Violin
plot of % of area positive of caspase—3/7 for PDAC2, when treated with chemotherapies, and their
corresponding effect sizes. (f) Violin plot of % of area positive of ToPro3 for PDAC2 when treated
with chemotherapies and their respective effect sizes.

Despite growth arrest, a mixed response was noted for markers of organoid viability
(Figure 4c,e,f). A limited increase in the markers of apoptosis was seen for FFX (G∆ = 0.60),
gem (G∆ = 0.47), and gem/nab-pac (G∆ = 0.52, Figure 4e). While an increased response
was noted for necrosis, including FFX (G∆ = 1.25), gem (G∆ = 0.90), and gem/nab-pac
(G∆ = 1.07, Figure 4f), remnant populations remained without necrosis.

3.7. Multiplex Analysis of Individual Organoids Captures Growth and Viability

Given prior disease progression in PDAC2, a dedicated analysis was performed to
consider the contributions of growth and viability using multiplex heatmapping (Figure 5).
Growth was increased for populations with decreased staining for apoptosis (Figure 5a)
and necrosis (Figure 5b) in control populations. As noted previously, growth arrest was
seen across the global population with the treatment of FFX (Figure 5c,d) and gem/nab-pac
(Figure 5e,f). This subgroup analysis provided remnant visualization of the subclonal
populations, with both persistent growth and failure to induced change in the viability by
apoptosis and necrosis (Figure 5c–f).
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Figure 5. Multidimensional analysis of resistance PDAC organoids with residual markers of viability.
(a) Heat map showing the population distribution of PDAC2 control organoids, including normalized
∆ diameter, plotted against (a) % area positive for caspase−3/7 and (b) % area positive for ToPro3.
(c,d) Heat map showing the population distribution of PDAC2 after 72 h FFX treatment, with
normalized ∆ diameter, plotted against (c) % area positive for caspase−3/7 and (d)% area positive
for ToPro3. (e,f) Heat map showing the population distribution of PDAC2 after 72h gem/nab-pac
treatment with normalized ∆ diameter plotted against (e) % area positive for caspase−3/7 and (f) %
area positive for ToPro3. (c–f) Subclonal populations after treatment with residual growth [+25%,
+50%] and <12.5% area positive for viability markers shown (white*).

4. Discussion

There remains a critical unmet need for novel therapeutic development in PDAC and
ampullary cancers with opportunities to interface bioinformed models with bioengineered
tools. Here, we present a bioengineered tool to automate the characterization of subclonal
populations in a response assessment. Despite advancements in comprehensive and
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single-cell molecular profiling, understanding the clonal dynamics of the therapeutic
response remains a formidable clinical challenge, largely due to the invasive nature of
repeat tissue sampling. This study presents a low-volume matrix screening assay to
characterize the response to map changes in organoid growth with validated markers of
viability, including induced apoptosis and necrosis. This is the first report of characterizing
individual growth and validated viability markers across panels of hundreds of individual
organoid units. These assays have broad application for investigators using organotypic
cultures for considering the contributions of subclonal resistance across cancer biology.

The development of low-volume screening assays can be widely adapted to consider
the next-generation of cancer organoids [42,43]. This is particularly important in consid-
ering how contributions of the matrix and the tissue microenvironment foster the failure
of therapeutic delivery and changes in cancer biology to harbor resistance populations.
Recent work by Osuna de la Peña et al. revealed that changes in pancreatic cancer biol-
ogy can be achieved using peptide amphiphiles coupled with custom extracellular matrix
components [44], harboring therapeutic resistant populations with improved biophysical
material properties. This feature is of critical importance when consider the hallmarks
of PDAC, including tissue-specific density in the desmoplastic stroma. Importantly, this
differs significantly from the technologies suggested by Hirokawa et al. that expand en-
doluminal cancers in low viscosity states [45]. The next frontier of personalized medicine
must consider models that capture both the molecular features of cancer biology and the
cancer-specific local microenvironment.

These technologies can be considered across multichannel fluorescence in multiplex
assays for both markers of viability and hallmarks of resistance (i.e., cancer stem cells).
However, such response assessments must also consider how staining may vary as a
function of overall organoid size. It was recently reported that baseline size and passage
number have minimal contributions regarding baseline organoids growth [46]. It is likely
that response characterization by growth and staining for viability are interdependent,
which highlights the importance of considering the quantitative metrics of cellularity. The
predictive values of such technologies require significant prospective validation. It is
important to consider that a viability reading on the order of days may not capture all the
adaptive features of these highly aggressive cancers. Validation requires both the controlled
timing of tissue sampling and a comparison against durable markers of clinical endpoints
(e.g., progression-free survival).

This study contributes a technology to characterize subclonal populations by multiplex
response classification to extend beyond well-level assays of organoid viability. The future
of screening applications in pancreatic and ampullary cancer organoids offers significant
opportunities in the context of developing novel therapeutic targets. We present a mul-
tiplexed assay to capture resistance that extends beyond phenotypic changes to consider
markers of oligoclonal viability. Interfacing assays that capture the heterogeneity of the
subclonal response, with longitudinal endpoints, may lend the use of these technologies
for improved clinical prediction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bioengineering10010091/s1, Figure S1: Comparison of individual
organoid size; Table S1: Summary of media composition used for pancreatic and ampullary PCOs;
Table S2: Summary of clinical parameters for individual organoid cultures; Table S3: Drug screen list;
Table S4: Fluorescent microscopy settings
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