Am J Cancer Res 2022;12(3):1116-1128
www.ajcr.us /ISSN:2156-6976/ajcr0138641

Original Article

Multicellular tumor spheroids

of LNCaP-Luc prostate cancer cells

as in vitro screening models for cytotoxic drugs

Elodie Jouberton?, Aurélien Voissiere?, Frédérique Penault-Llorca?, Florent Cachin?, Elisabeth Miot-Noirault?

1Clermont Auvergne University, Centre Jean Perrin, INSERM, U1240 Molecular Imaging and Theranostic
Strategies, F-63000 Clermont Ferrand, France; 2Clermont Auvergne University, INSERM, U1240 Molecular
Imaging and Theranostic Strategies, F-63000 Clermont Ferrand, France

Received August 27, 2021; Accepted November 22, 2021; Epub March 15, 2022; Published March 30, 2022

Abstract: An increasing number of studies concerning solid cancers, including prostate cancer, are tending to dem-
onstrate the predominant role of the interactions of tumor cells with their microenvironment, and underlining the
relevance of therapeutic approaches co-targeting these two components. Artificial in vitro 3D culture models, such
as spheroids, are therefore being designed to allow intercellular interactions between tumor cells and the matrix,
under hypoxic conditions mimicking a microtumor. This project aims to develop and characterize a multicellular
tumor spheroid (MCTS) model of human prostate cancer cells expressing PSMA, for in vitro drug screening. To
this end, 1,000 cells/well were seeded in 100 pl of culture medium with 0.5% of methylcellulose in 96-well, non-
adherent, V-shaped bottom plates. Bioluminescent imaging of the spheroids enabled the measurement of spheroid
growth. From Day 7 of growth, immunofluorescence studies showed cellular proliferation (Ki-67), mainly located in
the periphery of the spheroid section, associated with the formation of an apoptotic core (TUNEL). Scanning electron
microscopy and fluorescent imaging (Lox-1 probe) showed the presence of an extracellular matrix and the instal-
lation of an oxygen gradient leading to the formation of a hypoxic area during growth. This hypoxia was correlated
with increased VEGF excretion. Drug sensitivity was assessed on 2D and 3D cultures. The LNCaP-Luc spheroids are
more resistant to docetaxel and TH-302, a hypoxia-activated prodrug, compared with cells grown in a monolayer.
For docetaxel, this resistance increased with the spheroid growth stage, whereas the activity of TH-302 was potenti-
ated by the hypoxic environment. In conclusion, the development of LNCaP-Luc cell MCTS provides a simple model
mimicking a microtumor; it appears to be particularly well-suited to the validation of new therapeutic approaches
targeting proliferation and the microenvironment.
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Introduction with an abnormal structure (fenestrations,

absence of basal membranes) and functions;

Hypoxia is a hallmark of solid tumors in humans,
including prostate cancer, that contributes
directly to tumor progression [1]. Several stud-
ies have shown the presence of moderate to
severe hypoxia areas or even anoxia in a wide
variety of human tumors (breast cancer, uter-
ine cervix, soft tissue sarcomas, prostate can-
cer, etc.) [2-5]. Considering oxygen concentra-
tion in solid tumors, several authors have noted
high heterogeneity between patients as well as
within actual tumor tissue during disease pro-
gression and in response to therapy [6-9].
Neovascularisation is anarchic and permeable,

this leads to variable and chaotic blood flow
causing hypoxic areas and tumor acidification
[9]. In cancer patients, tumor hypoxia is associ-
ated with a poor prognosis. Hypoxia increases
tumor malignancy, promotes resistance to
chemo-, radio- and immune-therapies and
favors metastatic development [10-12]. Fur-
thermore, hypoxia confers resistance to con-
ventional therapies by modulating the expres-
sion of HIF-1a-regulated genes, contributing to
a Multi Drug Resistance (MDR) phenotype [13,
14]. The low level of oxygen in hypoxic cells lim-
its the production of reactive oxygen species
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(ROS) during radiotherapy, leading to tumor
radioresistance [15, 16]. In order to improve
the therapeutic response of patients, many
teams are working to develop new therapies to
target tumor cells specifically located in hypoxic
areas, in addition to conventional therapies
that are more effective against normoxic cells
[17, 18].

Monolayer cell cultures have been the refer-
ence model for screening new therapeutic mol-
ecules for many decades; so far, multiple dis-
crepancies have been observed between the
results obtained in vitro and in vivo. Several
factors may be involved in the anarchic arrange-
ment of cells in the tumor tissue, compared
with the orderly arrangement of monolayer cul-
ture cells, such as the absence of oxygen, nutri-
ent and proliferation gradient in the tumors and
the lack of consideration of cell-cell and cell-
extracellular-matrix interactions [19]. It has
therefore become essential to develop more
appropriate in vitro models, such as 3D cell cul-
ture models, that better reproduce the ecosys-
tem of the tumor for drug screening, by mimick-
ing the tissue architecture and cell-matrix in-
teractions [20-22]. Such models include long-
known multicellular spheroids as well as more
recent and sophisticated developments, such
as organotypic cultures and organoids, organ-
on-a-chip, and 3D bioprinted tissues [23-26].
Regarding hypoxia, the configuration of 3D
models offers the advantage of the outer layer
of cells being the only cells to interact directly
with the medium, simulating tumor hypoxia in
tumor areas not reached by blood vessels [27].
For prostate cancer, it has been demonstrated
that a hypoxic and acidic microenvironment is
correlated with aggressiveness and tumor
development, particularly for castration-resis-
tant progression, and could prevent drug diffu-
sion, thus promoting therapeutic resistance
[28-31].

In this context, we have developed and charac-
terized a 3D spheroid model of human prostate
cancer LNCaP-Luc cells as a tool for in vitro
drug screening. We specifically performed lon-
gitudinal monitoring of morphological parame-
ters and biomarkers expressing hypoxia, apop-
tosis, vascularization, and prostate cancer
antigen (PCA) during spheroid growth. The
response of the LNCaP-Luc spheroids to the
hypoxia-activated prodrug TH-302 (Evofosfa-
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mide) and to conventional chemotherapeutic
drugs (docetaxel) was also determined and
compared with monolayer cell cultures.

Materials and methods
Cell lines and spheroid culture

LNCaP-Luc human prostate cancer cell lines
were purchased from Perkin Elmer (Villebon sur
Yvette, France), cultured in RPMI 1640 medium
(Gibco®) supplemented with 10% fetal calf
serum (Dutscher, Brumath, France) and 4 ug/
mL gentamycin (PANTMBiotech). The cells
were maintained at 37°C in a humidified atmo-
sphere containing 5% CO, and 21%0,,.

For spheroid formation, the LNCaP-Luc cells
were seeded in 96-well, non-adherent plates
(Nunc) at a density of 250 to 2,000 cells/well in
100 pL of 0.5% of methylcellulose (Bio-Techne)
diluted in culture medium. The plates were then
placed at 37°C in a humidified atmosphere
containing 5% CO, and 21% O,

Spheroid volume determination

The diameters of 8 spheroids were estimated
at Day 1 and Day 21 post-seeding from the
major (a) and minor (b) axes, measured in mm,
using Image J software and applying the follow-
ing formula: V (mm?3) = a(b?/2).

Scanning electron microscopy

The spheroids (Day 7) were washed (0.2 M
sodium cacodylate buffer pH 7.4) and fixed
(1.6% glutaraldehyde in 0.2 M sodium cacodyl-
ate buffer pH 7.4) overnight at 4°C. They were
then rinsed and fixed in 1% osmium tetroxide in
0.2 M sodium cacodylate buffer (pH 7.4) and
dehydrated in a series of ethanol baths (25%,
50%, 70%, 95% and 100%). Finally, the spher-
oids were immersed in hexamethyldisilazane
(HMDS) for 10 minutes (twice) at room temper-
ature. For the visualization phase, the samples
were mounted on a metal pad using adhesive
carbon tabs. A metallization step was then car-
ried out, corresponding to the deposition of a
layer of gold/palladium (JFC-1300, Jeol) on the
surface of the sample. The samples were then
observed using a scanning electron micro-
scope (Jeol 6060-LV) at an acceleration volt-
age of 5 kV.
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Doubling time of LNCaP-Luc in monolayer and
spheroid cultures

The monolayer cells were seeded in black-
opaque 96-well plates (Corning®) and the
spheroids (Day 1 to Day 14) were individually
transferred to a black-opaque 96-well plate
(Corning®) and incubated with 15 ug Luciferin
(PerkinElmer). Imaging was performed 10 min-
utes after incubation (exposure time of 3 min)
for the monolayer cells and after 15 minutes for
the spheroids (at least 3 replicates per condi-
tion, n=3). For the quantitative analysis, Living
Image® Software (Caliper Life Science, United
States) was used with a manually-determined
region of interest. The spheroid doubling time
was then determined by exponential linear
regression using Graphpad prism software,
using a standard range with the cell line grown
in a monolayer.

PSA and VEGF ELISA assays

VEGF (vascular endothelial growth factor) was
quantified by Elisa assay on the spheroid medi-
um at Day 5, Day 7 and Day 10 after cell seed-
ing and 72 hours after cell seeding for the
monolayer cells using the Elisa “Human VEGF”
assay kit (R&D Systems) according to the man-
ufacturer’s instructions. Optical density was
measured using a Multiskan™ GO instrument
(Thermo Scientific).

The PSA (Prostate Specific Antigen) antigen
Elisa assay was performed on the spheroid
medium at Day 3, Day 7, Day 14 before treat-
ment and 48 hours after treatment, using the
“Human Kallikrein 3/PSA (R&D Systems) assay
kit” according to the manufacturer’s instruc-
tions. Optical density was measured using a
Multiskan™ GO instrument (Thermo Scientific).

Detection of apoptotic cells by IncuCyte and
TUNEL assays

Apoptosis measurement studies were per-
formed only on the spheroids.

For the apoptosis assays, Caspase 3/7 green
reagent (IncuCyte, Essen Bioscience) was
used according to the manufacturer’s instruc-
tions. Fluorescence was measured for one
hour per day for 14 days after cell seeding and
imaged using an IncuCyte imaging system
(Essen Bioscience) at 37°C, 5% CO,. Data were
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analyzed and quantified using the IncuCyte
analysis. Experiments were performed in
triplicate.

For the TUNEL assay, the slides were incubated
for 1.5 hours at 37°C with a mixture of 20 U/
uL TdT (terminal deoxynucleotidyl transferase,
Thermo Scientific)) 1 mM biotin-11-dUTP
(Thermo Scientific) and 1 mM ATP in TdT buff-
er. After washing, the slides were incubated
with streptavidin-HRP (Vector Laboratories,
1/500) at room temperature for 30 minutes.
HRP was then detected by tyramide signal
amplification according to the manufacturer’s
instructions (TSA-Alexa555, Invitrogen). The
nuclei were counterstained with Hoechst
33342. Fluorescence emission was detected
using an Axioplan microscope (Zeiss), and the
images were recorded by an AxioCam MRs5
camera (Zeiss).

Assessment of spheroid hypoxia by both Lox-1
imaging and pimonidazole IHC

The hypoxia of the LNCaP-Luc spheroids was
characterized at several growth stages: initially
for the whole spheroid using the Lox-1 probe
and then at slice level using IHC with pimonida-
zole. The Lox-1 probe is a light-emitting iridium
compound. Fluorescence is quenched by the
presence of oxygen, which means that the
lower the oxygen level, the higher the fluores-
cence. Spheroids at growth stage Day 1, Day 6
and Day 13 were incubated with 200 yM of
Lox-1 hypoxia probe (Scivax) for 24 hours at
37°C, 5% CO,. The spheroids were then sam-
pled and placed between slides in PBS under
bright-field and fluorescence microscopy using
an Axioplan microscope (Zeiss). Pimonidazole
hydrochloride (Hypoxyprobe) was incubated in
the spheroid culture medium at a final concen-
tration of 200 yM for 2 hours before fixation.
The spheroids were harvested and fixed in 4%
formalin, dehydrated with ethanol, and embed-
ded in paraffin. Serial 5 ym sections were cut
and mounted on poly-L-lysine-coated glass
microscope slides. After deparaffinization and
rehydration, the slides were stained with hema-
toxylin-eosin (H&E). Antigen retrieval for immu-
nostaining was conducted by incubating the
slides in 10 mM boiling citrate buffer (pH 6)
with 0.05% Tween (v/v) (30 minutes). After an
endogenous peroxidase quench (0.3% H,0,; 30
minutes) and saturation (1% BSA/PBS; 1 hour),
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the slides were incubated with primary anti-
body anti-Ki-67 (1:2000, Abcam #15580, room
temperature, overnight) rabbit monoclonal
antibody, or anti-pimonidazole (1:50, Hy-
poxyprobe, room temperature, 1 hour) mouse
monoclonal antibody, or anti-PSMA (1/100,
Diagnostic BioSystems, clone 3E6, room tem-
perature, 30 minutes) mouse monoclonal
antibody. Secondary biotinylated goat anti-
mouse or anti-rabbit IgG1 antibodies (Vector
Laboratories BA-1000, 1/500, 1 hour) were
used to detect the primary antibody. Biotin was
then complexed with streptavidin-coupled HRP
(Vector Laboratories #SA-5004, 1/500, 30
minutes), and HRP was detected using tyra-
mide signal amplification according to the
manufacturer’'s instructions (TSA-Alexa488,
Invitrogen). The nuclei were counterstained
with Hoechst 33342.

Drug cytotoxicity assays

Alamar Blue cell viability assays were per-
formed to determine the cytotoxic activity of
conventional chemotherapy (docetaxel) and
the hypoxia-activated prodrug TH-302 for
LNCaP-Luc spheroid and monolayer culture
cells. For the spheroids, the treatments were
initiated at Day 3, Day 7 and Day 14 after cell
seeding and 24 hours after the seeding of
5,000 cells per well in 96-well plates for the
monolayer cell culture. Docetaxel was diluted in
the growing culture medium to obtain a final
concentration of 1.56 uM to 200 uM and
TH-302 in DMSO was added to the growing
culture medium at a final concentration of 2.2
UM to 280 uM (maintaining a final concentra-
tion of DMSO of 0.5% v/v). After 72 hours of
incubation, cytotoxic activity was expressed as
the drug concentration that inhibited cell
growth by 50% (IC,.). Experiments were per-
formed in triplicate.

Statistical analysis

The data presented in this study are expressed
as the mean + standard deviation (SD); they
were statistically analyzed using GraphPad
Prism software (version 5.0 GraphPad Soft-
ware, Inc., San Diego, CA). The statistical differ-
ence between the experiment groups was com-
pared using the Mann-Whitney test. P was con-
sidered statistically significant when <0.05
(*P<0.05, **P<0.01, ***P<0.001).
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Results
3D cell culture of LNCaP-Luc cells

The LNCaP-Luc cells were seeded from 250 to
2,000 cells per well in the presence of 0.5%
methylcellulose. As illustrated in Figure 1A,
the cells rapidly aggregated in the middle of
the well, forming a spheroid within 24 hours,
regardless of the number of cells seeded. A
darker core, identified as a “necrotic core”,
appeared between Days 3 and 14 of culture,
depending on the number of seeded cells. The
results show an increase in diameter over
time up to Day 21 in all growing conditions
(Figure 1B). For 250, 1,000 and 2,000 cells
per well, the spheroid diameters were
0.008+0.005 pm, 0.039+0.023 pm and
0.066+0.019 um respectively at Day 3 and
0.104+0.007 pm, 0.179+0.049 pum and
0.191+0.035 um respectively at Day 21. The
necrotic core was measured separately and
increased during the 21-day period study. At
Day 21 after seeding, the necrotic core volume
represented 42% of the total volume of the
spheroid. This led us to select the culture condi-
tion of 1,000 cells per well for the rest of the
studies.

Day 7 observation of the LNCaP-Luc spheroids
under the scanning electron microscope con-
firmed the three-dimensional architecture,
exhibiting rounded shapes with granular sur-
faces covered with stacked cells (Figure 2A).
The cells were strongly juxtaposed with a large
extracellular matrix (ECM).

Bioluminescence intensity was quantified on
both monolayer and 3D cultures. Biolumin-
escence intensity was correlated with the cell
number (r’=0.9993), allowing quantification of
the cell number in spheroids over time by “in
situ” cell counting with no dissociation process
(Figure 2B and 2C). The doubling time was cal-
culated as 32.9 hours (95% confidence interval
15.8 to 66.5) for spheroids and 19 hours for
the monolayer culture.

Assessment of proliferative and apoptotic cells
in LNCaP-Luc spheroids

H&E staining of the LNCaP-Luc spheroids at
Day 3, Day 7 and Day 14 showed high cell den-
sity with an ordered architecture (Figure 3A).
Cell density was lower in the center of the
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Figure 1. Culture of LNCaP-Luc spheroids. (A) Profile of spheroid formation over time depending on the number of
seeded cells. (B) Total 3D volume (grey) and apoptotic core volume (black) of each spheroid measured with Image J
software. Major (A) and minor (B) axes measured in mm to calculate volume. Scale bars, 100 um.
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Figure 2. Characterization of LNCaP-Luc spheroid growth. Cells were seeded at 1,000 cells per well. A. SEM images
of monocultured spheroids cultured for 7 days. Scale bars, 50 um. B. Linear quantification of bioluminescent activ-
ity with LNCaP-Luc cell number. C. Number of spheroid LNCaP-Luc cells from Days 1 to 14 determined by biolumi-
nescent imaging using the standard curve obtained from monolayer LNCaP-Luc cells.
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Day3 Day7 Day 14

spheroid section from Day 7, suggesting the
establishment of an apoptotic/necrotic area.
To confirm this observation, we performed
Ki-67 immunohistochemistry to determine the
proliferative cells and a TUNEL assay and
Caspase 3/7 quantification to identify the
dead cells. At Day 3, the proliferative cells (Ki-
67 positive, green) were homogenously distrib-
uted throughout the section, while at Day 7 and
Day 14, the proliferative cells were mainly
located on the outskirts of the spheroid (Fi-
gure 3B). Furthermore, the TUNEL assay and
time-lapse imaging of Caspase 3/7 revealed
the establishment of an apoptotic core at the
center of the spheroids from Day 7 (Figure
3C-E), increasing up to Day 14. (Fluorescence
intensity of the Caspase 3/7 marker increased
from 1.1x108+3.0x10° for Day 7 to 6.5x107+
6.5x10° for Day 14). Together, these results
suggest that a hypoxic core developed in the
spheroids from Day 7 of culture due to an
increase in their size, limiting the diffusion of
oxygen in the deep layers.

Assessment of prostate tumor biomarkers:
PSA and PSMA

To further characterize the prostate LNCaP-Luc

spheroids, we focused on the prostate tumor
biomarkers currently used in clinical practice
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Figure 3. Histological and immunofluores-
cence analysis of LNCaP-Luc spheroids. Sec-
tions of Day 3, Day 7 and Day 14 spheroids
were used for (A) H&E-staining, immunofluo-
rescence of (B) Ki-67 (proliferation) and (C)
Tunel assay (apoptosis). (D) Time-dependent
bright field and fluorescent overlay images
of Caspase 3/7 for LNCaP-Luc spheroids. (E)
Quantification of the percentage of apoptotic
cells with high Caspase 3/7 reagent over time
(IncuCyte) (mean * SD). Compared with Day 3,
“P<0.01, ""P<0.001 (Mann-Whitney test).
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(PSA and PSMA). Interestingly, our results indi-
cate that the LNCaP-Luc spheroids secreted
PSA from Day 3 of culture, with a significant
increase over time, while PSA was not detect-
able in the monolayer culture (20.1+0.5 at Day
3, 45.8+3.9 and Day 7 and 176.6+4.8 ng/mL
at Day 14) (Figure 4A).

Moreover, immunofluorescence showed that
the prostate membrane antigen (PSMA) bio-
marker was expressed on the cell surface at an
early stage of growth (Day 3 post-seeding) and
was maintained, tending to increase through-
out the 14 days of culture (Figure 4B). These
results demonstrate that 3D cell cultures of
LNCaP-Luc mimic patient tumors more closely
than monolayer cell cultures.

3D cancer cells form a hypoxic core in the
scaffold

To confirm that steady state LNCaP-Luc spher-
oids (from Day 7) exhibit a hypoxic core, we
determined VEGF secretion over time using the
ELISA assay and measured immunofluores-
cence using the hypoxia marker pimonidazole
and the fluorescent Lox-1 hypoxia probe. As
illustrated in Figure 5A, from Day 5, the spher-
oids secreted more VEGF than the monolayer
cell cultures (84.0+19.6 vs 46.2+20.3 pg/mL)
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Fok Figure 4. Prostate tumor biomarkers in LNCaP-
Luc spheroids. A. Prostate-specific antigen
150 (PSA) levels were determined by the ELISA as-

say in Day 3, Day 7 and Day 14 culture super-
natants (n=2 independent experiments; mean
+ SD). “"P<0.01 (Mann-Whitney test) compared
with Day 3. B. Immunofluorescence of PSMA
(prostate-specific membrane antigen) on Day
3, Day 7, and Day 14 spheroid sections.

PSA [ng/mL]
=
T

n
o
1

o
1

Day 14

A B Day 3 Day 7 Day 14
1
600+ ses B
2 4004
2 2004 *x B
- =
= 100 um

(@]

monolayers  day 5 day 7 day 10
spheroids

Figure 5. Determination of hypoxia in LNCaP-Luc spheroids. A. VEGF concentration determined by ELISA in mono-
layer or spheroid culture supernatants (n=3 independent experiments; mean * SD). “P<0.05, ""P<0.01, """P<0.001
(Mann-Whitney test) compared with monolayers. B. Hypoxic cells detected using LOX-1 hypoxia probe (red). The
probe was applied for 24 hours to spheroids before fluorescence detection. C. Determination of hypoxic cells on
spheroid sections by immunofluorescence using pimonidazole in Day 3, Day 7 and Day 14 spheroids.

and secretion increased over time. Secretion ia environment, we observed a stronger fluores-
was significantly higher in Day 10 spheroids cent signal on the Lox-1 hypoxia probe from the
(505.6+63.3) (Figure 5A). Regarding the hypox- spheroids after Day 7 of growth, which
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Figure 6. Comparison of cytotoxicity in monolayer cultures and spheroids (3, 7 and 14 culture days) of LNCaP-Luc
cells and PSA secretion. Spheroids were exposed to (A) docetaxel and (B) TH-302 following 72 hours of treatment
(n=3 replicas; mean * SD). (C, D) Quantification of PSA production by Day 7 spheroids exposed to IC_, of (C) docetax-
el or (D) TH-302 for 48 hours. (n=2 replicas; mean + SD). Compared with untreated, “P<0.05 (Mann-Whitney test).

gure 5C). These results demonstrate that the
3D culture of LNCaP-Luc reproduces a hypoxia
environment similar to that observed in human
tumors.

Table 1. IC_, (uM) and multicellular resistance
index (MCRI) values for LNCaP-Luc cell cultures
(n=3 independent experiments; mean + SD)
Docetaxel TH-302
IC., (M) MCRI IC,, (uM) MCRI
Monolayer cells  2.7+1.2 / 7.848.3 /
Day 3 spheroid  29.6+9.5 11.1 7.5+6.8 1.0
Day 7 spheroid  57.0424.9 21.3 1.9+1.7 0.2 We then assessed the cytotoxic activity of a

Day 14 spheroid 96.0+11.9 36.0 55435 0.7 chemotherapeutic regimen used in the clinical
treatment of prostate cancer, docetaxel, and

of a hypoxia-activated prodrug, TH-302, on

Drug resistance of hypoxic spheroids and PSA
response

increased significantly at Day 14 (fluorescent
with low levels of oxygen) (Figure 5B).
Pimonidazole immunostaining of the LNCaP-
Luc spheroids evidenced a hypoxia area in
spheroids from Day 7 to Day 14, but not in Day
3 spheroids (Figure 5C). Interestingly, the
hypoxia area was located between the surface
and the center of Day 7 and Day 14 spheroids,
suggesting that the deep central layers of
spheroids are necrotic or that the pimonidazole
did not diffuse throughout the spheroids (Fi-
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LNCaP-Luc cells cultured in a monolayer or cul-
tured in 3D at Day 3, Day 7 and Day 14. The
results obtained are shown in Figure 6 and
Table 1.

As expected, the spheroids were more resistant
to docetaxel than the monolayer cell cultures,
and chemoresistance increased as the spher-
oids grew over time. Indeed, the multicellular
resistance index (MCRI) of the spheroids
increased from 11.1 at Day 3 to 36.0 at Day 14.
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In contrast, hypoxic Day 7 and Day 14 spher-
oids were more chemosensitive to TH-302
(MCRI of 0.2) and 0.7 respectively, compared
with non-hypoxic Day 3 spheroids (MCRI of 1.0)
and monolayer cell cultures.

Next, we monitored the therapeutic response
of docetaxel and TH-302-treated spheroids by
PSA quantification. Surprisingly, PSA secretion
decreased significantly over time (71.7+0.5%,
52.6£2.6% and 46.3+3.1% at Days 3, 7 and
14 respectively, P=0.028; Figure 6C) during
docetaxel treatment, while steady state spher-
oids (Day 7 and 14) became chemoresistant,
suggesting that peripherical cells (hormoxia)
could be the main source of PSA. Regarding
TH-302, PSA secretion decreased slightly at
Days 7 and 14 (72.9+1.25% and 77.9+10.7%;
P=0.028) compared with Day 3 spheroids
(Figure 6D).

Together, we demonstrate that LNCaP-Luc cell
MCTS, mimicked the biological properties of
the tumor microenvironment. MCTS production
quantities of VEGF, PSMA and PSA, depended
on spheroid development, as well as on cyto-
toxic treatment used. This model could provide
a highly predictive in vitro system for innovative
targeted therapies in prostate cancer.

Discussion

Nowadays, the therapeutic strategy of cancer
treatment is no longer directed on just the
tumor cells but also on the tumor’s microenvi-
ronment (TME). Mimicking the interactions
between tumor cells, stromal cells and extra-
cellular matrix components is critical to further
our understanding of the mechanisms underly-
ing the progression of solid tumors and to
develop innovative, effective, and safe strate-
gies. This is particularly true for prostate can-
cer, which is characterized by a highly complex
tumor microenvironment, including hypoxic
regions, causing significant aggressiveness
and resistance to both chemo- and radiothera-
pies [32].

Drug resistance is an extremely complicated
phenomenon that involves several factors. The
tumor microenvironment is known to have the
ability to induce a resistant phenotype in tumor
cells, as well as to obstruct drug delivery by
means of blood vessel compression, high inter-
stitial fluid pressure and biomechanical barri-
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ers. It is now widely recognized that hypoxia is
responsible not only for altering the pharmaco-
kinetics of molecules but also promotes the
selection of more resistant cells through a
number of signaling pathways related to apop-
tosis, autophagy, DNA damage, mitochondrial
activity, p53, and drug efflux [33]. It is com-
monly accepted that experimental models
could fill the gap between fundamental cancer
research and clinical practice if they are able
to replicate tumor heterogeneity and the micro-
environment of tumors in humans. An ideal
model mimicking tumor biology should repro-
duce the cellular, biochemical and biophysical
conditions of tumor tissue, to enable study of
the multifaceted features of the multifaceted
features of the TME that are responsible for
disease progression and resistance to therapy
[34]. Monolayer cultures of tumor cells, widely
used in vitro for cytotoxicity studies, do not take
into account tissue architecture, biochemical
and biomechanical regulations, or cell-cell and
matrix-cell communication [19]. The best com-
promise to date appears to be the use of
spheroid-based models. Some such models
are easily standardized and complex enough to
represent certain aspects of human tumors,
such as microtumor tissue organization, by cre-
ating oxygen, nutrient and proliferation gradi-
ents during spheroid growth, as well as by mim-
icking cell-cell and extracellular matrix-cell
interactions. Over the past few decades, tumor
spheroids have been found to display an orga-
nized architecture, combining a layer of prolif-
erative cells and a peripheral area with a cen-
tral apoptotic and/or necrotic core that limits
the diffusion of nutrients, oxygen and drugs
throughout the spheroid. Various methods
have been used to develop spheroids [25].
MCTS have been optimized and characterized
in this study for LNCaP-Luc prostate cancer
cells and the model offers the advantage of
being scaffold-free, which is considered the
best approach for several epithelial cancers,
including breast, lung, colorectal and prostate
cancers [34]. After seeding 1,000 cells per
well in non-adherent multi-well plates, cell
interaction was observed from Day 1. As
expected, the characterization of LNCaP-Luc
spheroids revealed proliferative cells at the
periphery of the spheroids, while the central
core was characterized by hypoxic and apop-
totic areas. Interestingly, with the establish-
ment of hypoxic areas, VEGF was strongly
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excreted from Day 5, with a 6-fold increase in
production at Day 10. This type of hypoxic zone
and the associated VEGF excretion were not
obtained in the monolayer cultures. This consti-
tutes a highly relevant characteristic of this new
model mimicking in vivo conditions. We also
demonstrated that the LNCaP-Luc MCTS mo-
del was able to reproduce key factors of pros-
tate cancer, such as PSA excretion and expres-
sion of the PSMA marker at the cell surface
from an early stage of growth (Day 3 post-seed-
ing) with a tendency to increase throughout the
21 days of growth, allowing response monitor-
ing during drug cytotoxic essays. Several previ-
ous studies have shown that monolayer cells
tend to overestimate the efficacy of chemother-
apeutic drugs compared with spheroids [35-
37]. Our study provided similar results, showing
that 3D cultures are more resistant to stand-
ard chemotherapy (docetaxel) compared with
monolayer cell cultures. Two main hypotheses
can be formulated with regard to this resis-
tance. Firstly, acidification of the microenviron-
ment due to tumor hypoxia modifies the expres-
sion of the gene involved in tumor resistance
and/or aerobic glycolysis and lactic acid pro-
duction, lowering the pH (0.6 pH unit); this is
known to reduce the uptake of chemothera-
peutic drugs by the cancer cells [38]. Indeed,
several studies have shown that tumor hypoxia
reduces the therapeutic efficacy of certain
therapeutic molecules, including anthracy-
clines, 5-FU and cyclophosphamides [39].
Recently published work reports that hypoxia
may induce the resistance of prostate cancer
cells to docetaxel [40]. Secondly, 3D conforma-
tion of the spheroids generates nutrient, oxy-
gen and catabolite gradients [41]. These condi-
tions, combined with cell-to-cell and cell-to-
matrix interactions, could impact gene and
protein expression patterns and drug distribu-
tion and penetration [25, 42]. In our study, we
demonstrated that LNCaP-Luc spheroids are
more resistant to docetaxel compared with
monolayer cell cultures, with resistance
increasing significantly with spheroid growth
and the establishment of hypoxia. It was spe-
cifically at a late stage of growth (Day 7), when
hypoxia was clearly present, that the hypoxia-
activated prodrugs, TH-302, demonstrated the
highest cytotoxic activity. TH-302 was initially
published in 2008 as a hypoxia activated prod-
rug. TH-302 is a cleavable entity composed of a
2-nitroimidazole moiety linked to a bromo-iso-
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phosphoramide mustard (Br-IPM) which, once
released, act as a DNA cross linking agent lead-
ing to cell cycle arrest [43]. In this work, in vitro
cytotoxicity of TH-302 was increased under
hypoxic conditions in a panel of 32 human can-
cer cell lines, and also in 3D tumor spheroid
models. In in vivo prostate cancer models,
TH-302 has also shown selective toxicity for
hypoxic cells but also for the cellular neighbour-
hood of these hypopoxic cells in tumor tissue
[44]. Numerous preclinical and clinical studies
exploiting TH-302 in various cancers, have
shown its potential in monotherapy or in combi-
nation with conventional chemotherapy, with
radiotherapy and more recently, in a prostate
cancer model, with immunotherapy [45-50].
Therefore, it could be interesting to assess the
relevance of combination of TH-302 with doc-
etaxel in our LNCaP-Luc cell MCTS. Considering
all the phenotypic features of tumor prostates
mimicked by the MCTS culture of LNCaP-Luc
cells, it would be interesting to investigate co-
cultures with stromal cells, such as fibroblasts,
as well as endothelial cells, to get even closer
to the in vivo environment.

Conclusion

To conclude, we have developed a simple and
reproducible MCTS culture model of LNCaP-Luc
cells that closely reproduces the features of in
vivo tumors. This model can be used as an
intermediate tool between traditional in vitro
cell-based assays and in vivo models for the
high-throughput evaluation of therapeutic can-
didates; it appears to be particularly relevant
for validating new therapeutic approaches tar-
geting proliferation and the microenvironment.
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