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Abstract

Background: In vitro drug screening that is more translatable to the in vivo
tumor environment can reduce both time and cost of cancer drug development.
Here we address some of the shortcomings in screening and show how treat-
ment with 5-fluorouracil (5-FU) in 2D and 3D culture models of colorectal cancer
(CRC) and pancreatic ductal adenocarcinomas (PDAC) give different responses
regarding growth inhibition.

Methods: The sensitivity of the cell lines at clinically relevant 5-FU concentra-
tions was monitored over 4 days of treatment in both 2D and 3D cultures for
CRC (SW948 and HCT116) and PDAC (Panc-1 and MIA-Pa-Ca-2) cell lines. The
3D cultures were maintained beyond this point to enable a second treatment
cycle at Day 14, following the timeline of a standard clinical 5-FU regimen.
Results: Evaluation after one cycle did not reveal significant growth inhibition in
any of the CRC or PDAC 2D models. By the end of the second cycle of treatment
the CRC spheroids reached 50% inhibition at clinically achievable concentrations
in the 3D model, but not in the 2D model. The PDAC models were not sensitive
to clinical doses even after two cycles. High content viability metrics point to even
lower response in the resistant PDAC models.

Conclusion: This study reveals the limitations of testing drugs in 2D cancer
models and short exposure in 3D models, and the importance of using appropri-
ate growth inhibition analysis. We found that screening with longer exposure and
several cycles of treatment in 3D models suggests a more reliable way to assess
drug sensitivity.
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1 | INTRODUCTION

Standard cancer drug screening in its current form lacks
the complexity necessary to represent key clinical as-
pects of human tumors. Primary in vitro drug screening
typically takes place in two-dimensional (2D) monolayer
cell cultures with growth as the primary measure of re-
sponse.”* However, cell culture in 2D can be quite sen-
sitive to treatment, resulting in inflated drug response’
and inconsistent results.* Despite originally being de-
rived from tumors, 2D culture diverges from the in vivo
tumor environment, including lack of complex intercel-
lular connections and saturation of nutrients. The nutri-
ent environment changes significantly from 2D cultures
to 3D culture by virtue of pure morphology and the nu-
trient gradients formed in 3D culture.” This can directly
affect and be affected by cell metabolism, which has been
shown to be important in drug response in both 2D%” and
3D.%’ Transcriptome analysis has shown that gene expres-
sion differs between the 2D versus 3D models of same cell
line,'° furthermore, genes involved in cell proliferation
was found to be downregulated in 3D growth compared
to same cells in 2D growth."" Consequently, drug screen-
ing in three-dimensional (3D) spheroid cultures are more
relevant and give better insight into how the cancer will
respond to treatment'? by offering a more physiological
cell to cell microenvironment.'?

Measurement and reporting of response are other
areas for improvement in drug screening. By measuring
growth alone, directly or indirectly, the full effect of a
drug is not assessed. A drug may be cytostatic and arrest
growth of a cell line, whereby cells resume growth upon
removal of the drug. Most cell stains used for drug re-
sponse assays are assessing growth and reported as rel-
ative intensity values. Viability stains report directly on
quantity of live cells; however, these results must also
be normalized. In spheroids, analysis of response can be
more challenging than the analysis of flat 2D cultures.
Simple measurement of growth in 3D requires different
approaches and viability staining is more complex with
the addition of the third dimension. By nature, healthy
spheroids may have a necrotic core leading to accumula-
tion of stains detecting dead cells, whereas smaller spher-
oids may exhibit smaller necrotic areas and less dead cell
stain. Incorporating subtle changes in analysis of via-
bility staining between healthy and treated spheroids is
thus important. Performing high content screening using
metrics of viability can provide more information beyond
standard growth inhibition measurements. For reporting
growth response, it is also important to be clear if the in-
hibitory concentration (IC50) reported is relative IC50
or absolute IC50 (also known as GI50'), where relative
IC50 demonstrates just 50% of the maximum effect on

a particular sample and absolute IC50 is 50% inhibition
compared to an untreated control."®

While not common as a monotherapy anymore, 5-FU is
one of the oldest anti-cancer drugs and remains an integral
part of standard combination therapies for CRC'*' (e.g.
FOLFIRI, FOLFOX) and PDAC'** (e.g., FOLFIRINOX).
However, tumor responsiveness varies?® and adverse ef-
fects related to toxicity are a major issue.'**" Thus, under-
standing 5-FU sensitivity is important and offers a good
test model for drug screening. Here we use concentrations
of 5-FU that correspond to clinically relevant doses, up to
4pg/mL*7 and higher (16 ug/mL) to investigate the re-
sponse of the different in vitro cell models. While 5-FU
treatment regimens vary, it is frequently found to include
multiple treatment cycles of 46-96 hour continuous infu-
sion.?**” In accordance with this, we exposed 2D and 3D
cultures to 5-FU for 4 days continuously, with the 3D cul-
tures subjected to a second 4-day treatment cycle 2weeks
after the first.

The aims of this study were to compare response to
common chemotherapy in cell models of colorectal can-
cer (CRC) and pancreatic ductal adenocarcinoma (PDAC)
using an enhanced screening method and correlate to
the cells' initial metabolic phenotypes. To enable this, we
treated 2D and 3D cultures with 5-fluorouracil (5-FU)
over a range of clinically relevant concentrations and
monitored response according to both growth and viabil-
ity metrics.

2 | MATERIALS AND METHODS

2.1 | Cell Culture

SW948 [CVCL_0632] (CRC, primary tumor) and MIA-
Pa-Ca-2 [CVCL_0428] (PDAC, primary tumor) were pur-
chased from European Collection of Authenticated Cell
Cultures (ECACC), HCT116 [CVCL_0291] (CRC, primary
tumor) and Pancl [CVCL_0480] (PDAC, primary tumor)
cell lines were generously provided by collaborators
Laboratory for Molecular Biology at Stavanger University
Hospital. All human cell lines have been authenticated
using STR profiling within the last 3years. All cell lines
used are listed using the official cell line name and its
Research Resource Identifier (RRID). Mycoplasma test-
ing of all cell lines were negative. Cell lines in 2D and 3D
were cultured in DMEM (Corning, Corning, USA) sup-
plemented with 10% fetal bovine serum (FBS) (BioWest,
Nuaillé, France), 5mM glucose (Sigma-Aldrich, St. Louis,
USA), 2mM L-glutamine (Corning, Corning, USA), peni-
cillin (100U/mL) & streptomycin (100pg/mL) (Merck
Millipore Corporation, Burlington, USA) in a humidified
incubator at 37°C with 5% CO, infusion.
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2.2 | Drug treatment
Cells were grown in 2D adherent culture conditions, of
which spheroids were prepared before each experiment.
For 2D experiments, cells were seeded in flat-bottom 96-
well plate (VWR, Radnor, USA) at a density of 5000 cells/
well. Cells attached overnight and were treated the follow-
ing day. Spheroids were produced from 40 uL volumes of
detached single-cell suspensions at 1.25x10° cells/ml in
CELLSTAR cell repellent U-bottom plates (Greiner Bio-
One, Kremsmiinster, Austria). Spheroids were grown
for 3days (CRC) or 4days (PDAC) before 5-fluorouracil
treatment.

5-fluorouracil powder (EMD Millipore Corp., Bellerica,
USA) was reconstituted in water at a concentration of
1mg/mL. Further dilutions to achieve the desired treat-
ment concentrations were made in growth media and
100 pL. was added to each well. The cells were exposed to
the treatment for 4 days. In 2D, this marked the end of the
experiment. For spheroids, the treatment media was ex-
changed with new media without treatment on Day 4 and
every other day thereafter, until day 14 (from initial drug
exposure), when a new treatment was applied for another
4days. On Day 18, the media was again exchanged to re-
move the treatment and they were maintained for 3 addi-
tional days for posttreatment imaging.

2.3 | Imaging and image analysis

All samples were imaged using a Leica SP8 confocal mi-
croscope and 5X and 20X dry objectives, for spheroids and
2D cultures, respectively. Regular monitoring of growth
in 2D and 3D occurred every day by capturing transmitted
light images during treatment rounds (Day 1-4 and Day
14-18), and on Days 7 and 11 between the two treatment
rounds, as well as on Day 21 after the second treatment
round. Confluency of growth in 2D cultures was meas-
ured in the images using the PHANTAST*® MATLAB in-
terface. Spheroid area was measured in the images using
ImageJ®/FIJI*° macros: SpheroidArea (Data S1) and
SpheroidArea2 (Data S2). Calcein AM (Biotium, Fremont,
USA,; final concentration in well: 4 ug/mL, to stain living
cells) and propidium iodide (Sigma-Aldrich, St. Louis,
USA; final concentration in well: 7.5 pug/mL, to stain dead
cells) was added to 5 wells from each cell line on Days 3 and
17 (before the end of each round) to incubate overnight for
imaging the following day. Z-stacks of fluorescent images
were captured (CAM, Ex: 488nm, Em: 493-529nm; PI,
Ex: 552nm, Em: 630-643 nm). Images were processed and
analyzed using Imagel/FIJI macros: StackProfleData2
(Data S3) and StackProfileData3 (Data S4). In short, plot
profiles of a selected rectangular area that spanned the
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spheroid center were taken for each image and channel in
the stack (Figure S2, Data S5).

2.4 | Data analysis

2.4.1 | Spheroid Growth

Spheroid area measurements (mm?), acquired as de-
scribed in 2.3 Imaging and Image analysis, were com-
bined in R and analyzed in GraphPad Prism (Version 9).
Spheroid diameter (d, microns) was estimated from area
(A) using the following equation: d=2000- \(A/r). The
sizes of the treated spheroids at each timepoint were base-
lined to the size of the control spheroid from the same day,
yielding percent of control (charts containing raw values
can be found in Figure S1, Data S5). A final value percent-
age was constructed by an average across experiments. 2-
way ANOVA was run to establish statistical significance
(Tukey test for multiple comparisons). Percent growth in-
hibition over the 5-FU treatment range was used for non-
linear regression analysis and calculation of GI50 using
GraphPad's Absolute IC50 equation.

2.4.2 | Viability staining

Plot profiles of viability staining were exported from
ImageJ and imported into GraphPad Prism (Version 9).
Stack profiles were added together and a rolling aver-
age of 3 was taken to reduce noise in peak analysis. The
area under the curve (AUC) was taken (baseline at lower
quartile) and this data was exported for consolidation and
analysis in R. Metrics were calculated and extracted from
the AUC data including the total AUC, baseline for each
channel, maximum peak heights, width of widest peaks,
and distances between peaks, resulting in a total of 14 var-
iables (Figure S1, Data S5).

2.4.3 | Principal Component Analysis

Changes in parameters over concentration varied between
the cell lines and days in such a way that a pattern was not
easily discernible, so principal component analysis (PCA)
was used to extract response from all variables together.
PCA was performed in GraphPad Prism (Version 9) using
14 variables and selection of the two principal components
with the largest eigenvalues (Figure S3, Data S5). Data was
scaled to have a mean of 0 and SD of 1. After PCA, any var-
iable with loadings less than 0.5 were excluded to preserve
the highest contributing metrics. The final PCA included
9 variables. Mean values for each principal component
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(PC) were calculated and the Euclidean distance (d) be-
tween each mean point of a treatment from the mean con-
trol position was calculated using the following equation:

d=1/(PCly-PCle) + (PC2p-PC20)* (D)

Response was grouped according to mean distance
from control: low response is a distance of 0.432 or below
(25th percentile), intermediate response between 0.433
and 1.364 (interquartile range), and high response equal
to or greater than 1.365 (75th percentile).

3 | RESULTS

3.1 | Longer 5-FU exposure is required in
3D cultures to reach GI50 compared to 2D
cultures

The sensitivity of the cell lines at clinically relevant 5-FU
concentrations was monitored over 4days of treatment
in both 2D and 3D cultures (Figure 1A). The 3D cultures
were maintained beyond this point to enable a second
treatment cycle at Day 14, following the timeline of a
standard clinical 5-FU regimen. At clinically achievable
and safer concentrations of 5-FU (up to 4pg/mL), only
HCT116 growth is inhibited beyond 50% upon 4days of
treatment exposure (Figure 1B). This level of inhibition
is not achieved in 3D culture of HCT116 at Day 4. Higher
concentration than 4 pg/mL of 5-FU does not increase in-
hibition dose-dependently, implying a maximum effect
has been reached. While the other cell lines in 2D do not
reach 50% inhibition by Day 4, they demonstrate signifi-
cant inhibition compared to untreated controls and lower
concentrations of 5-FU (0.25-0.5 pg/mL) and exhibit more
inhibition than their corresponding 3D cultures at the
same timepoint. By Day 18, HCT116 is still the most sensi-
tive with spheroids treated with 1 pg/mL, reaching nearly
70% inhibition of growth. SW948 also reaches 50% growth
inhibition by Day 18 in 1pg/mL and higher concentra-
tions. Minimal additional inhibition is also seen in cells
treated with >4pg/mL in the SW948 spheroids at Day
18. In PDAC spheroids, 50% inhibition is only reached
at 16pg/mL, far beyond a safe clinical concentration.
Notably, in MIA-Pa-Ca-2, growth resumes after removal
of 5-FU in these lower concentrations.

Growth relative to untreated control samples was plot-
ted against concentration of 5-FU to estimate the maxi-
mum effect (Emax) and concentration of 5-FU to reach
50% growth inhibition (GI50) (Figure 1F,G). This provides
a quantification of the relative sensitivities of the cultures
over the treatment period and more specific insight into
what concentration is needed to reach 50% inhibition.
GI50 of HCT116 in 2D culture by Day 4 is 1.01 pg/mL and
for 3D culture on Day 18 is 0.67 ug/mL. For SW948, GI50
for 2D and 3D cultures are 12.3 pg/mL and 0.65 pg/mL, re-
spectively. Lower response is seen in the PDAC cell lines,
and this is reflected in the GI50 values. Pancl GI50 for 3D
culture is 5.68 pg/mL, while 2D culture did not reach 50%
inhibition by Day 4 so GI50 is not possible to calculate.
MIA-Pa-Ca did reach 50% inhibition in 2D, yielding a GI50
of 9.25pg/mL; GI50 of 3D culture is 6.76 pg/mL. Emax
and GI50 correlation is —0.8648, p=0.0120 (Figure 1H).
None of the cell lines reached 50% inhibition by Day 4 in
3D culture.

3.2 | High content analysis of drug
response in 3D cultures requires combined
viability metrics

Spheroids were stained with calcein acetoxymethyl (cal-
cein AM or CAM) and propidium iodide (PI) to assess
location and proportion of viable and dead cells, re-
spectively, and imaged on Days 4 and 18 (at the end of
each treatment round) (Figure 2). Live/dead staining in
spheroids is more complex than reporting the relative
values of the stain intensity. As can be seen just from
simple visual assessment, even control spheroids have
a large amount of PI staining indicating a necrotic core,
and the intensity is high due to the overall larger size
of the spheroid. It is also apparent that the viable cells
persist to some degree in all the cultures over the treat-
ment period. Using the plot profiles of the two stains
and transmitted light, the area under the curve (AUC)
of each was analyzed and used to produce several dif-
ferent viability metrics (Figure S2, Data S5). The stains
followed different patterns depending on the cell line;
a simplified view of this, using untreated controls as an
example, is visualized in Figure 4. Viable cells remain
in all cell lines, even at the end of treatment, but the

FIGURE 1 Treatment and response of 2D and 3D cultures with 5-FU. (A) Timeline of 5-FU treatment, where black circles indicate
brightfield images taken to monitor growth and red/green circles indicate viability imaging. Growth results over the treatment period, from
right to left showing 2D results, 3D results, and 3D images for each cell line: (B) HCT116, (C) SW948, (D) PANCI1, (E) MIA-Paca-2. Error
bars represent SEM. N=40 over 2 independent experiments. 2-way ANOVA of 4 pg/mL results versus other concentrations at Day 4 (2D and
3D) and Day 18 (3D): *, p <0.05. Dose-response curves of (F) 3D at Day 18, and (G) 2D cultures at Day 4, used for calculation of GI50. Error
bars represent SD. (H) Correlation of GI50 with Emax: —0.8648, p=0.012, R>=0.7475. Pancl 2D was not inhibited to 50%.
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...p. u Control  0.25 pg/ml 0.5 pg/ml 1.0 yg/ml 4.0 yg/ml 16.0 pg/mi

day 4
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HCT116

day 18

rim  core core
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day 4
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SWo48

day 18
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day 18
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MIA-PaCa-2
day 18 day 4
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40% 88% 40%
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37% 92% 37%

FIGURE 2 Viability staining of spheroids. In the leftmost column, measurements of CAM rim, PI core and TL core in control spheroids
of each cell line are given as the average percent of spheroid diameter (Figure S2), at each viability imaging timepoint. The size of illustration
is not indicative of spheroid size, but to represent relative proportions of staining in each so they are all equal. To the right, representative
composite images of viability staining of spheroids on Days 4 and 18 of 5-FU treatment (actual n=5). Images are maximum projections of a
stack of images. Dead cell staining: propidium iodide (red), Viable cell staining: calcein AM (green). 100 um scale bar in white. calcein AM,
CAM; propidium iodide, PI; transmitted light, TL.
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percent of dead cells (PI core) or light-impermeable core
(TL core) increases in all cell lines.

As these and other parameters vary between cell lines,
a clear pattern was difficult to distinguish. Using princi-
pal component analysis, the parameters were combined
and those that differentiated them the most were grouped
together into principal components (Figures S3 and S4,
Data S5). In PC1 (capturing 39.6% of variance), the AUC
per micron of all stains (loading from 0.648 to 0.801),
CAM peak intensity (0.843), PI peak intensity (0.799), and
CAM core (—0.631) are the heaviest weighted values. In
PC2, the defining values are the staining baseline values
(CAM: 0.714, PI: 0.734, TL: 0.632). Plotting the scores of
each individual sample from each component reveals
some grouping patterns (Figure 3). The Day 4 and Day 18
samples cluster differentially (Figure 3A), except MIA-Pa-
Ca-2 at Day 18 also appears within the Day 4 region. As
most of the Day 18 values are clustered in positive PC1
region, this points to higher AUC per micron and higher
PI peak, among other smaller parameter contributions.
Lower 5-FU concentrations are characterized by positive
PC2 values, which is heavily influenced by either a large
core % (as measured by CAM), low baseline values, or a
combination of both. Figure 3B shows how the cell lines
differ using these parameters (See Figure S5 in Data S5 for
separate charts of each cell line). Higher concentrations of
5-FU and Day 18 values appear a greater distance from the
Day 4 and lower concentration values in CRC cell lines.
Overall, the cell lines follow different spread patterns of
PC scores.

The distance of treatments from the control group of
each cell line (Table 1) allows quantification of response
between the different cell models and endpoints. HCT116
is the most responsive to treatment with the largest change
using this viability measurement as well, and in order of

(<]

4 2 0 2 4 6 8
PC1

(A) (B)
g 6 § [5FU]
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decreasing response are SW948, Pancl, and MIA-Pa-Ca-2.
This mirrors the growth measurements but amplifies the
lack of change in the low-response MIA-Pa-Ca-2, where
very little change is seen in viability metrics.

3.3 | Effect of cellular metabolism

The metabolic phenotype of these cell lines in 2D and
3D cultures have been established previously.*! To as-
sess whether the metabolic phenotype, presented as the
ratio of oxygen consumption rate (OCR) to extracellular
acidification rate (ECAR), influenced the drug response
the correlation of 5-FU Emax to OCR/ECAR was calcu-
lated. Although not statistically significant, we found that
Emax is negatively correlated with OCR/ECAR (—0.689,
p=0.059) (Figure 4) across 2D and 3D growth settings.

4 | DISCUSSION

The importance of testing drug sensitivity of cancer
models in 3D cultures is emphasized in this study. 2D
cultures exhibit increased sensitivity to 5FU treatment
when compared to 3D cultures, both in terms of maxi-
mal growth inhibition and concentration required to
achieve 50% growth inhibition. Typical 2D culture also
lacks the possibility for longer culture timelines to un-
derstand multi-round drug response and resistance.
We found that the relative effects of the 5-FU concen-
trations in 2D are somewhat predictive of the relative
effects in 3D, which could give an idea of the most ac-
tive range of 5-FU to apply in 3D. However, the 5-FU
response in 3D is a comparison of results at Day 18
to Day 4 of 5-FU 2D response metrics. This could be

-0
* 025
e 05
e 1
® 4
@ 16

Cell line

® HCT116
SW948
Panc1
MIA-Pa-Ca-2

FIGURE 3 Samples clustered by principal component scores from viability data. (A) Samples plotted by principal component scores,

colored by Day of analysis. Size of dots vary by concentration of 5-FU, from lowest=smallest dot to highest concentration =largest

dot. (B) Samples plotted by principal component scores, colored by cancer cell line. Size of dots vary by concentration of 5-FU, from

lowest =smallest dot to highest concentration =largest dot.
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TABLE 1 Principal component score mean distances from untreated control group, by concentration, as an indication of response to

5-FU.
Day 4 (posttreatment 1°) Day 18 (posttreatment 2°)
[5-FU] (ng/ml) 0.25 0.5 1.0 4.0 16.0 0.25 0.5 1.0 4.0 16.0
HCT116 0.122 0.725 1.007 1.464 2.137 0.724 0.747 0.598 1.465 4.222
SW948 0.312 0.903 0.592 0.265 1.539 0.812 1.560 1.317 1.516 3.440
Pancl 0.401 0.630 0.433 0.863 1.957 0.430 0.630 0.574 1.880 1.332
MIA-Pa-Ca-2 0.263 0.191 0.419 0.415 1.065 0.787 1.056 0.705 1.134 0.268

Note: Bold and italics: high response, >1.365. Bold only: intermediate response, between 0.433 and 1.364. Italics: low response, <0.432.

100
80 HCT116 3D . HeTiezn
MIA Paca 3D SW848 3D
—~ 60 Panci 3D . @MIA Paca 2D
S SW948.2|_:_J_:
5 40 Panc1 2D,
£
w
20
0
0.0 0.5 1.0 1.5 2.0

OCR/ECAR

FIGURE 4 Correlation of Emax to metabolic phenotype
indicator, OCR/ECAR. Emax is negatively correlated with OCR/
ECAR (—0.689, p=0.059, R*=0.4752). OCR: oxygen consumption
rate, ECAR: extracellular acidification rate. OCR/ECAR data
(Table S1) from Tidwell et al.3!

conceived as misleading, however at Day 4 treatment
effect in 3D were minimal and did not reach 50% inhibi-
tion in any of the cell lines tested. It is clear from these
results that short-term studies with spheroids have lim-
ited quantitative utility when using relevant dosing. The
increased sensitivity of 2D cultures over 3D cultures was
expected in line with other studies showing 3D drug re-
sponse.'*?*?? Each cell in 2D is being exposed to much
more drug in culture, with the surface area of cells in
a monolayer much larger than that in spheroids. This
is due to both the organization and morphology of the
cells in the 3D structure, with many cells located in the
interior of the spheroid. The spheroid also experiences
diffusive exposure to the drug beyond the surface, due to
naturally occurring gradients.>*

The response metrics used from growth measure-
ments here, Emax and GI50, have some disadvantages.35
Despite being widely used, these metrics may be highly
correlated to cell doubling time and other environmen-
tal conditions.’® Here, the GI50 numbers are calculated
using relative growth to respective controls, which

should reduce the effect of cell doubling times between
cell lines. Consequently, the doubling times of these
cell lines®! are not correlated with the GI50 values, sup-
ported by our findings. HCT116 is the fastest growing
cell line (17.9h) and does have the lowest GI50, but the
other cell lines have similar 2D doubling times (between
24 and 28h) and vary considerably in 2D and 3D GI50
values (doubling times in 3D were not calculated or con-
sidered). Additionally, it could be argued that sensitivity
to a drug based on cell division rate and other culture
conditions can be important variables in drug response
to consider and not ignore. Regardless, the general lim-
itations of these metrics are known, so additional work
with viability staining here offers expanded insight and
an approach for high content screening. While there
may be significant inhibition of growth between concen-
trations, viability may not differentiate them as much in
some cases, as seen in MIA-Pa-Ca-2. The staining also
reveals the challenge of using viability stains in spher-
oids. For example, there is a high amount of PI staining
in the untreated spheroids due to cell death in the core.
Therefore, using a measurement of staining intensity
alone can be misleading without considering the size
of the spheroid. Furthermore, there are regions that are
co-stained with both calcein AM and PI, possibly due
internalization of dyes in the cells, or it could be caused
by a mix of cells in these regions which are overlapping.
Since calcein AM was stained overnight, cells that were
viable at the start could have progressed to cell death and
membrane disruption causing additional PI staining to
occur. This is a challenge when working with 3D spher-
oids, requiring longer incubation when using dyes to
achieve sufficient diffusion into the spheroid, whereby
resolution of cell death may be incorrectly interpreted.
Nonetheless, these studies are important to acquire
knowledge on the structure of spheroids using different
staining which can be useful in further modeling spher-
oid growth and drug response in silico. The results from
the viability metrics were able to differentiate response
in the spheroid models without size serving as a distinct
variable. However, size was incorporated and corrected
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for by having AUC/micron and core size as a percent of
the spheroid diameter. Other variables such as baseline
and peak values were completely size independent.

5-FU is commonly used in combination with other
drugs to enhance cancer treatment response.*®* There
is a high variability in reported measured plasma con-
centrations of this drug, whereby most studies have
found average steady state levels to be about 1-6 pg/mL,
but values range from 0.3 to 60 pg/mL.**2® Overall, the
plasma levels are linearly correlated to g/m* dosing,*
where an increase of 500 mg/ m? 5-FU, may cause an in-
crease in the plasma concentration of 200 ng/mL. The
recommended dose is 2.5-3 pg/mL for optimal balance
of tumor response and systemic toxicity,”* however this
was found not be an effective treatment concentration
in the PDAC spheroids. A possible explanation for drug
insensitivity is how the metabolism of cancer cells are
primed to either glycolysis or OXPHOS, as we have
found previously.*! This has been well documented in
2D cancer grown cancer cells,*’ but also in 3D spher-
0ids.** A common measure of metabolic phenotype is
the OCR/ECAR ratio, OCR or oxygen consumption is a
measure of glucose metabolism via oxidative phosphor-
ylation in the mitochondria and extracellular acidifica-
tion is proportional to lactate excreted from glycolytic
metabolism of glucose. Therefore, a higher OCR/ECAR
ratio denotes a more oxidative metabolic phenotype
and a lower ratio, a more glycolytic phenotype. The cor-
relation here of Emax with OCR/ECAR is not statisti-
cally significant but is an interesting finding, whereby
a high OCR/ECAR ratio or more oxidative phenotype
correlates with lower maximum inhibition by 5-FU.
Expansion of the screening to more cell lines is essential
to validate this correlation. Perhaps in contrast, Zhao
et al. have shown 5-FU resistant cells increase glucose
uptake and glycolytic activity.** While we find here that
a more glycolytic phenotype correlates to higher sensi-
tivity, this is the pre-treatment phenotype. The study by
Zhao et al.* presents metabolic changes from treatment,
which is something that should be done with these cell
lines as well. In the models that are more resistant to
treatment, pre-treatment with a metabolic drug or com-
bination treatment should be investigated. In previous
work, an oxidative CRC cell line (in 2D), metformin has
been shown to shift metabolism to a more glycolytic
phenotype.® Whether this is reproduced in 3D culture,
and extends to other oxidative cell lines, needs to be in-
vestigated. Conversely, dichloroacetate (DCA), an inhib-
itor of pyruvate dehydrogenase kinase (PDK1), has been
shown to be a possible candidate to shift metabolism
away from glycolysis.***’

The culture model and treatment approach here
is simplified in order to study the longer screening
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timeline and isolate response. Other drugs used in cur-
rent clinical care as combination therapies with 5-FU
such as folinic acid, irinotecan, oxaliplatin, and gemcit-
abine should be included in future experiments in line
with other testing in the field,*"** particularly for PDAC
studies.

5 | CONCLUSIONS

We find here that not only is 3D culture essential for as-
sessing drug sensitivity in these in vitro cancer models,
compared to 2D, but also longer multi-cycle treatments
are achievable and further informative of response. Using
only four cell models, we can distinguish between mod-
els that exhibit high and low 5-FU sensitivity. Both CRC
cancer models are more sensitive to 5-FU than the PDAC
models, as expected from clinical experience. We pre-
sent a model that can be used for variety of applications
and provides a low barrier of entry at the simplest level
of 3D culture techniques. The highest impact of applica-
tion would come from culturing primary cells and treating
them, knowing the matched patient outcomes from actual
treatment, leading to robust personalized medicine and
improved screening for drug discovery.
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