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Insights into spheroid formation: interaction ==
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populations in the tumor microenvironment
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Abstract

Background Treating advanced ovarian cancer (OC) is challenging due to the immunosuppressive tumor
microenvironment. This study investigates tumor-immune cell interactions using organotypic spheroid models that
simulate the in vivo microenvironment.

Methods A dual-model spheroid system was established combining serous adenocarcinoma SKOV-3 cells with
monocytes, pro-inflammatory (M®1) or anti-inflammatory (MO2) macrophages, or their derived exosomes (EXOs).
In Model A, immune cells or EXOs were co-seeded with tumor cells to replicate early heterotypic aggregation. In
Model B, immune cells or EXOs were introduced 24 h post-spheroid formation to simulate immune infiltration into
established spheroids. Spheroid morphology was quantified by diameter and circularity, while the distribution of
immune cells and EXOs was assessed via fluorescence intensity profiling in 2D and 3D. epithelial-to-mesenchymal
transition (EMT) marker expression was analyzed to assess tumor cell phenotypic changes.

Results Spheroids formed with SKOV-3 cells and ThP-1 monocytes developed a dense monocyte-enriched outer
layer. Macrophage subtypes differentially influenced spheroid morphology: MO2 macrophages promoted the
formation of multiple, loosely organized spheroids and increased N-cadherin expression, indicative of enhanced EMT.
Similarly, MO-EXOs modulated EMT marker expression, underscoring the contribution of both direct cell interactions
and paracrine signaling in regulating spheroid dynamics.

Conclusions Macrophages and their exosomes play a critical role in modulating the architecture and functional
behavior of spheroids, reflecting two key aspects of OC progression: the formation of immune cell-enriched spheroids
in ascitic fluid and tumor-immune interactions at peritoneal metastatic sites. This model provides a clinically relevant
platform for preclinical testing of therapeutic strategies targeting peritoneal dissemination in OC.
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Introduction

Ovarian cancer (OC) is widely recognized as a het-
erogeneous disease in which unique histological types
arise from different tissues. High-grade serous ovarian
cancer (HGSOC) is the most common epithelial OC
subtype and is believed to originate from the epithe-
lium of the fallopian tubes [1], while endometroid and
clear-cell subtypes arise from the endometrium [2, 3].
HGSOC presents major challenges in clinical manage-
ment, particularly due to chemotherapy resistance and
the complex immunosuppressive tumor microenviron-
ment (TME) [4]. The heterogeneity of immune microen-
vironments across different tumor sites within the same
patient leads to varying responses to treatment, espe-
cially in recurrent cases [5]. While immunotherapy has
demonstrated efficacy in treating a range of malignancies
[6, 7], its success in advanced ovarian cancer is limited
by the immunosuppressive nature and heterogeneity of
the tumor microenvironment, as well as the disruption
of lymphatic drainage caused by peritoneal cancer cell
activity [8]. To develop effective therapeutic strategies
and specifically identify the cellular and molecular mech-
anisms underlying the etiology of this disease a careful
selection of appropriate models is required to recapitu-
late targeted disease subtypes and disease progression.
The use of patient derived cells has shed light on the
importance of recreating the complexity of OC models in
vitro to broaden our knowledge of the pathophysiologi-
cal behavior of this disease and develop effective treat-
ment strategies [9]. The evaluation of newly developed
anti-cancer therapeutics in the preclinical scenario has
for a long time relied on in vitro testing using 2D cancer
cell cultures, which involve single layer of cells disposed
on a plastic surface. Three-dimensional in vitro systems
that encompass several aspects of the tumor are steadily
replacing 2D cultures [10, 11] to resemble the cellular
and molecular events occurring in vivo more closely,
since multi-layered components hampers drug penetra-
tion [12].

During tumor formation primary cells in the ovaries
undergo the epithelial-to-mesenchymal transition (EMT)
process that results in a changed phenotype, detach-
ing from a primary tumor and disseminating across the
body [13]. Dissemination of these cells from the pri-
mary tumor is via ascites, fluid that accumulates in the
peritoneal cavity, and has a role in OC [14]. Ascites con-
tains both tumor and non-tumors cells including highly
tumorigenic cell spheroids. Many of these cells subse-
quently form multicellular clusters or spheroids, either
through aggregation in the ascitic fluid or by detachment
of preformed cell clusters from the primary tumor [15].
These spheroids are considered metastatic units, that are
considered the main cause of intraperitoneal metastasis
[16]. The tumorigenic spheroids are composed of tumor
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cells, immune cells and mesenchymal-like cells, where
21% of cells in the spheroids can be CD45 + immune cells
[17]. Spheroids are found in the ascitic fluid and spread
throughout the peritoneal cavity, contributing to the
establishment of secondary tumor sites on the mesothe-
lial layer of the omentum after undergoing the reverse
process of mesenchymal-to-epithelial transition [18, 19].
For this reason, spheroids represent the most common
systems engineered to mimic (a) spheroids in the ascites
and (b) localized metastatic sites. The typical structure of
a spheroid consists of a three-layer profile, in which the
outside layer consists of proliferating cells with intact
nuclei, with the inner two layers composed of quiescent
(with minimal metabolic activity but can regain activity
after exposure to nutrients) and necrotic cells (with dis-
integrated membranes and nuclei due to starvation and
accumulation of toxic waste) [20]. Intercellular interac-
tions are also recreated in vitro through the use of multi-
cellular models (also defined as organotypic models) [21].
By conducting a multiparametric analysis of the immune
landscape within the peritoneal cavity of HGSOC-bear-
ing mice, we recently demonstrated that tumor nod-
ules are enriched in T cells and macrophages (MF) [22].
Indeed, tumor associated macrophages (TAMs) have
been the focus of intense research aiming at understand-
ing their role in the formation and spreading of OC mul-
ticellular clusters [23]. Notably, patient-derived ascitic
spheroids are generally composed predominantly of
tumor cells with a minority of infiltrating immune cells -
most notably TAMs. Although immune cell percentages
vary, even a modest MF presence is significant given their
ability to promote chemoresistance, invasion, and modu-
lation of the TME. TAMs are especially prominent: anal-
yses of ascites from ovarian cancer patients found MF
present in essentially all spheroids examined [17].

The reciprocal interaction of MF and cancer stem cells
within OC spheroids has demonstrated an upregulation
of anti-inflammatory (M2) markers in a hanging-drop
hetero-spheroid model of OC, which implies a more
immunosuppressive behavior and drives chemoresis-
tance [24]. Furthermore, extracellular vesicles (including
exosomes, EXOs) and their role in mediating cell-to-cell
interactions has sparked interest into the implication of
tumor and monocyte/macrophage cells interaction in
the creation of an immunosuppressive tumor microen-
vironment [25, 26]. miRNA (miR-21-3p, miR-125 b-5p
and miR-181 d-5p)-driven effects of EXOs derived from
SKOV-3 cells (an OC cell line) have been associated to
promote a M2-like phenotype in recipient macrophages
[26]. Better understanding the interplay between MF
and cancer cells in spheroid models may help in unveil-
ing additional mechanisms that drive (or hinder) their
metastatic potential. Monocytic cells that contribute to
tumor growth and metastasis have also been identified in
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ovarian cancer TME and continue to be of interest with
regards to epithelial OC prognosis [27, 28].

The aim of this study is to evaluate tumor and immune
cell interaction within organotypic spheroid models
that closely simulates the in vivo microenvironment of
spheroids, with emphasis on the effect of differentially
induced MF (and the EXOs derived from them), includ-
ing pro- and anti-inflammatory macrophages (MF1 and
ME2, respectively) on the potential of serous adenocar-
cinoma cells (SKOV-3 cell line) to generate spheroids.
To better capture these in vivo dynamics, our study
employs a dual-model approach for spheroid formation.
In Model a, ovarian cancer cells (SKOV-3) and immune
cells (monocytes/ MF and the EXOs derived from them)
are co-seeded from the outset, simulating a scenario
where heterotypic aggregation occurs early. In Model b,
immune cells are added 24 h after tumor cell aggrega-
tion, mimicking an infiltration process that may occur
after initial spheroid formation, reflecting the detach-
ment mechanism observed in patient samples. This dual
approach allows us to examine the differential effects of
early versus delayed immune cell incorporation on spher-
oid morphology, cell-cell interactions, and EMT marker
expression. Cell-to-cell interaction was assessed over
time by differentially staining cell populations of inter-
est and the impact of immune cells on spheroid forma-
tion was quantified in terms of diameter and circularity
features. The distributions of immune cell and EXO infil-
tration throughout the spheroids was analyzed by calcu-
lating the fluorescence intensity relative to the center of
the spheroid in both 2 and 3D. Finally, the effect of MF
and MF-derived EXOs on the EMT markers expression
of SKOV-3 cancer cells was explored. By integrating
established methodologies for 3D culture with insights
from patient-derived spheroid studies, our work seeks
to provide a reductionist yet clinically relevant model. In
doing so, we aim to elucidate how macrophages and their
secreted EXOs influence spheroid formation, potentially
offering new mechanistic insights into OC progression
and laying the groundwork for future preclinical testing.

Materials and methods

Cell lines and cultures

Serous adenocarcinoma cells (SKOV-3 cell line, RRID:
CVCL_0532) were purchased from Sigma-Aldrich.
SKOV-3 cells were cultured in McCoy’s media (Gibco)
supplemented with 10% Fetal Bovine Serum (FBS, Ther-
moFisher) and 1% Penicillin/Streptomycin (P/S, Thermo-
Fisher). Cells were incubated at 37 °C in a humidified 5%
CO, atmosphere and subcultured when 80-90% conflu-
ent. ThP-1 monocyte cells were purchased from ATCC®
(RRID: CVCL_0006) and grown in Roswell Park Memo-
rial Institute (RPMI)-1640 media supplemented with
2 mM L-glutamine adjusted to contain 1.5 g/L sodium
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bicarbonate, 4.5 g/L glucose, 10 mM HEPES, 1.0 mM
sodium pyruvate (ATCC) and FBS 10%. To generate
macrophages (MF), 5x10° ThP-1 cells were seeded in
T75 petri dish plates and treated with 320 nM phorbol-
12-myristate-13-acetate (PMA, Sigma-Aldrich) for 24 h.
Similarly, pro-inflammatory macrophages (MF1) were
obtained by seeding the same number of ThP-1 cells and
treating them with PMA for 6 hrs followed by incuba-
tion with 100 ng/mL lipopolysaccharide (LPS, Thermo-
Fisher) and 20 ng/mL IFN-y (R&D Systems) for 18 h.
Anti-inflammatory macrophages (MF2) were obtained by
treating ThP-1 cells with 320 nM PMA for 6 hrs and then
culturing them with PMA plus 20 ng/mL IL-4 (R&D Sys-
tems) and 20 ng/mL IL-13 (R&D Systems) for 18 h [29].
Culture conditions were established at 37 °C and 5% CO,.
Differentiated ThP-1 cells were detached using ice cold
Macrophage Detachment Solution (PromoCell GmbH)
according to manufacturer’s instructions. This solution is
specifically designed for the gentle detachment of adher-
ent macrophage-like cells.

Liquid overlay SKOV-3 spheroids optimization

Spheroids were generated following the liquid overlay
method [30]. Briefly, 96-well plates (Thermo Scientific)
were prepared by first coating each well with 50 pl of
2.5% (w/v) low-melting-point agarose gel (Agarose Low
EEO, Melford) using a multichannel pipette. The agarose
was heated until fully dissolved and allowed to cool to
approximately 37 °C before being pipetted into the wells.
The coated 96-well plates were then sterilized under UV
light for at least 30 min. For spheroid formation, SKOV-3
cells were detached from the culture plates using Tryp-
sin-EDTA solution (0.25%) and counted using a hemocy-
tometer or an automated cell counter. Cells were diluted
to a final concentration of 6,000 cells per 200 pl of com-
plete media (McCoy’s media supplemented with 10% FBS
and 1% P/S). This cell suspension was added to each well
containing the agarose-coated surface. Plates were then
gently shaken to ensure an even distribution of cells and
incubated under standard conditions (37 °C in a humidi-
fied 5% CO, atmosphere). Spheroids were cultured over-
time and representative bright field images of SKOV-3
spheroids were taken at different time points (24, 48, 72
and 96 h).

Bright-field microscope imaging, ImageJ processing
analysis and Immunofluorescence

Spheroids and macrophages were visualized using a
Carl Zeiss Microimaging System, and images at dif-
ferent time points were taken with an Axiocam ERc5s
camera (Zeiss). Images were processed through the
opensource software Image] (version 2.1.0/1.53c,
RRID: SCR_003070). The diameter of the spheroids was
assessed through the “set scale” and “measure” options.
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The circularity of the spheroids (n=_8/group) was calcu-
lated based on the equation: Circularity = 41 (area/perim-
eter2). This equation generates a value from O to 1, where
1 indicates a perfect circle and as the value approaches 0,
this indicates an increasingly elongated polygon. Image]
was used to measure the midpoint width/cell perim-
eter ratio according to previously reported procedures
to assess the phenotypical change of differentiated MFs
[31, 32]. Briefly, cell perimeters and midpoint widths
were traced manually and measured in pixel units using
the Image] functions. The ratio of width versus perimeter
was obtained for each cell (#=40) and the mean values,
standard deviations, and one way ANOVA (with Tukey
post-hoc analysis for multiple comparisons) were calcu-
lated. Immunofluorescence staining was performed to
detect and characterize MF, MF1, and MF2 populations
based on the expression of specific markers. Cells were
fixed with 4% paraformaldehyde for 15 min at RT. After
blocking with 5% bovine serum albumin for 1 h, cells
were incubated overnight at 4 °C with primary antibod-
ies against CD68 (MF) (BioLegend Cat# 333805, RRID:
AB_1089055), CD80 (MF1) (BioLegend Cat# 305219,
RRID: AB_2291403), and CD163 (MF2) (BioLegend Cat#
333613, RRID: AB_2562640). CD68 staining required
permeabilization with 0.1% Triton X-100 for 10 min
before antibody incubation. To visualize the cytoskel-
eton, cells were stained with Phalloidin conjugated to
Alexa Fluor 488 for 30 min, while nuclei were counter-
stained with DAPI for 5 min. Confocal microscopy was
performed to acquire images, and the expression patterns
of CD68, CD80, and CD163 were analyzed to confirm the
presence and distribution of the respective macrophage
populations.

Exosomal preparations

Exosome isolation

Exosomes were isolated from the media conditioned by
ThP-1 cells and macrophages, including MF, MF1, and
MF2 following established protocols [33, 34]. 4x10°
ThP-1 cells were seeded and differentiated as reported
above in RPMI-1640 media containing exosome-depleted
FBS (Gibco). Upon differentiation, media was collected
and centrifuged at 500 x g for 5 min to remove cellular
components, followed by centrifugation at 2000 x g for
30 min to eliminate any remaining debris. The super-
natant was then transferred to a clean tube and filtered
through a 0.22 pm PES membrane filter (CellTreat) and
further concentrated using 10 kDa Amicon ultra centrif-
ugal filters (Millipore) through centrifugation at 4000 x g
for 15 min. Total exosome isolation reagent (Invitrogen)
was added in a 1:2 volume ratio to the media obtained
after the Amicon centrifugation process. The solution
was mixed, vortexed for 30 s and then incubated over-
night at 4 °C. The following day, samples were centrifuged
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at 10,000 x g for 1 h at 4 °C. The pellet was subsequently
resuspended in 0.22 um filtered PBS. Exosomal suspen-
sion was stored at —80 °C.

Exosome physiochemical characterization

Exosomes were characterized for their size and concen-
tration using a Nanosight NS300 (Malvern) and analyzed
with the software version NTA 3.3 Dev Build 3.3.301. A
200X dilution of exosomes in PBS was prepared for each
sample. Briefly, 3 videos of 60 s each were recorded for
each sample (with a frame rate of 24 FPS (frames per sec-
ond) and a flow rate of infusion of 20 arbitrary units), and
the threshold was kept constant at 5. Around 25-30 par-
ticles per frame was the number identified before running
the analysis. All the experiments were performed using
different batches of exosomes, and a one-way ANOVA
with Tukey post-hoc analysis for multiple comparisons
was performed. Size and concentration measurements
were performed using 11 different exosomal batches.

CD63 quantification

The identification of CD63* exosomes was performed
as previously described [33] using the antibody-based
ExoELISA-ULTRA Complete Kit (SystemBio), following
the manufacturer’s instructions. Briefly, exosomes iso-
lated from ThP-1, M®, M®1, and M®2 populations were
loaded onto a 96-well plate provided with the kit, and
CD63* particle numbers were quantified against a pre-set
exosome standard curve.

Spheroids co-cultures: SKOV-3 and immune cells and
derived exosomes

Spheroids were generated mixing ovarian cancer cells
(SKOV-3 cells) and immune cells (ThP-1 or ThP-1
derived MF, MF1, and MF2 macrophages). The co-cul-
turing process involved two separate approaches. In the
first approach (Model a), 6,000 SKOV-3 cells and 2,000
immune cells (either ThP-1, or MF, MF1, MF2) were
added to a 96-well liquid overlay plate in a 200 pl volume
in a 3:1 ratio. In the second approach (Model b), immune
cells were added after 24 h from SKOV-3 cells seeding
(at which point spheroids had already formed). Co-cul-
tured spheroids were grown for up to 96 h and used for
downstream applications. Exposure of SKOV-3-derived
spheroids to EXOs (1 x 10%/condition) was also achieved
following Model a and b: addition of EXOs (1x10%
condition) occurred either at time 0 or after 24 h from
SKOV-3 seeding.

Spheroid viability

SKOV-3 cells were cultured to form three-dimensional
spheroids and subsequently incubated in co-culture with
selected immune cell populations (ThP-1, M®, M®1, and
M®2) to assess the impact of immune cells on spheroid
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proliferation. Co-cultures were maintained for 48 h, after
which spheroid viability was quantified using the Alamar
Blue Cell Viability Reagent (Thermo Fisher Scientific). To
determine the impact of EXOs, SKOV-3 spheroids were
cultured for 96 h in the presence of ThP-1 cell-derived
EXOs, and cell viability was assessed using the CellTiter-
Glo Luminescent Cell Viability Assay (Promega) accord-
ing to the manufacturer’s protocol. All data are reported
as percentage values normalized to SKOV-3 spheroid—
only controls.

Confocal imaging and real time monitoring

Before being seeded to form co-cultured spheroids,
SKOV-3 and immune cells were separately stained
using PKH67 green fluorescent and PKH26 red fluores-
cent live cell stains (Sigma-Aldrich). Similarly, immune
cell-derived EXOs were stained with PKH67 live cell
kit following manufacturer’s instructions. In the case
of SKOV-3/ M® co-cultures, single-plane images were
taken at 24, 48, 72 and 96 h time points at a 10X magni-
fication using an Invitrogen™ EVOS™ FL Auto Imaging
System. Live-cell videos were acquired over the first 48 h
of co-culture. Fluorescent signals were detected through
the FITC and RFP channels and merged with bright field
images. Similarly, in the case of SKOV-3/M®-derived
EXOs, images were taken at 24 and 48 h at 20X and 40X
magnifications, respectively. An Olympus FV3000 IX83
confocal microscope was used to obtain z-stack images
(11 z-steps per sample). The FITC and RFP channels
were used to detect the green (excitation 488 nm, emis-
sion 500-540 nm) and the red signals (excitation 561 nm,
emission 570-670 nm), respectively. Images obtained
with the Olympus microscope were processed using
Image] software to quantify exosomal fluorescent inten-
sity (using the “mean grey value” option of the software)
of each Z-stack. In Image] processing, green and red
signals were split into separate channels, and threshold
was set automatically and applied for each signal. The
mean grey value was then measured in a fixed area of
22,500 pm?,

Analysis of immune cell/EXO distribution in the spheroid

Segmentation of the individual SKOV and macrophage
cells using the fluorescence markers is challenging when a
spheroid has formed due to the proximity of the cells and
the 3D architecture. To determine the distributions of the
two different entities constituting the spheroids (immune
cells or EXOs and SKOV cells), individual pixels were
analyzed in corresponding timelapse (Videos 1-8 for
cell-to-cell interaction) and fluorescent images for EXO-
to-cell interaction, respectively. Fluorescence z plane
images (n=11) were thresholded to determine green
(immune cells) and red (SKOV-3) pixels. Rather than
analyzing the location of the cell centroid, every pixel

Page 5 of 15

was analyzed to obtain the distributions. This approach
allows us to achieve the same outcome but without the
need to segment individual cells. The distance distribu-
tion of each pixel (cell) from the center of the spheroid
was also determined to evaluate the degree of infiltration.
This is complicated by the ‘flat spheroid’ geometry and
used two methods to visualize the distribution of (pixels)
cells. To visualize the true 3D distribution, the spheroid
was projected onto a true hemisphere. The z-axis was
scaled using the radius of spheroid determined at lowest
z-plane. The 3D Euclidean distance from the center was
subsequently found and results displayed as histograms.

Gene expression analysis

The quantification of mRNA expression was performed
to confirm specific immune cell phenotype and to assess
differences in EMT markers upon SKOV-3 exposure to
immune cells following Model a. Total RNA was extracted
from immune cells (ThP-1 and macrophages) and spher-
oids for each co-cultured subgroups using TRIzol™
Reagent (Invitrogen) according to the manufacturer
protocol. cDNA synthesis was performed through the
High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems)
using a T100™ Thermal Cycler (Applied Biosystems).
Transcribed products were analyzed using commercially
available master mix and the appropriate target probes to
detect expression of MF (CD68: Hs02836816_gl), MF1
(CXCL10: Hs00171042_ml; TNF-a: Hs00174128_ml)
and MF2 (CD206: Hs00267207_m1; CCL2; Hs00234140_
m1l)-associated markers on immune cells, and E-CAD
(Hs01023895_m1) and N-CAD (Hs00983056_m1l) on
spheroids on an ABI StepOne plus Detection System
(Applied Biosystems). Expression levels were normalized
to the reference gene (GAPDH: Hs02758991_g1). Positive
control groups for immune cells include macrophages
cultured in presence of IL-4 to induce an MF2 phenotype
or LPS for the MF1 phenotype. To compare fold-change
expressions across immune cell populations, the house-
keeping gene-normalized transcripts quantities of MF/
MF1/ MF2 samples were normalized to ThP-1 samples.
Levels of EMT marker expression between spheroids co-
cultured with macrophages or EXOs were normalized
against expression levels found in spheroids generated
using only SKOV-3 cells.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 5 (GraphPad Software Inc., RRID: SCR_002798).
Normality of data distribution was evaluated using the
Kolmogorov—Smirnov test. For comparisons involving
two independent groups, unpaired two-tailed Student’s
t-tests were used. These analyses assumed normally
distributed data, equal variances across groups, and
independence of observations. For each comparison,
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t-statistics, degrees of freedom, exact p-values, sample
sizes, and effect sizes (Cohen’s d) with 95% confidence
intervals were calculated and reported in the Results sec-
tion. For comparisons involving more than two groups,
a one-way ANOVA was conducted, incorporating one
between-subjects factor. Assumptions of normality and
homogeneity of variances (Levene’s test) were confirmed
prior to analysis. The ANOVA included no blocking or
within-subject factors. When the main effect was sig-
nificant, Tukey’s multiple comparison test was applied
as a post hoc test. All ANOVA results are reported with
F-statistics, degrees of freedom, exact p-values, and
descriptive statistics (mean * standard deviation) for each
group. A significance threshold of p<0.05 was adopted
for all analyses.

Results

Macrophage differentiation

ThP-1 monocytic cells were first differentiated into MF
macrophages and then induced to acquire pro- or anti-
inflammatory phenotypes. Twenty-four hours from
the initiation of differentiation, bright field microscopy
images were taken to assess changes in cell phenotype.
Interestingly, MF and MF2 showed a noticeable rounded
and cobblestone shape, while MF1 cells presented a
more elongated, spindle-like phenotype (Supplemen-
tary Fig. 1A). To quantify these differences, the midpoint
width/cell perimeter ratio was calculated as this param-
eter quantifies the morphological differences between
cells and decreases when cells assume a more elongated
shape. MF1 had a significantly lower ratio than MF and
MF2 (p<0.001) (Supplementary Fig. 1B). Further char-
acterization identified specific cell markers associated
with pro- and anti-inflammatory phenotypes. The mRNA
levels of CD68, a marker associated with the MO pheno-
type showed a statistically significant increase of 3.16+ 1
fold in MF cells compared to ThP-1 cells (p <0.001)
(Supplementary Fig. 1C). After confirming the MO phe-
notype, the presence of MF1 and MF2-specific markers
was evaluated. MF1-associated markers (CXCL10 and
TNEF-a) were found at significantly higher levels in MF1
compared to MF (considered as the control) (Supplemen-
tary Fig. 1D). TNF-a showed a fold increase of 2.57 +0.84
and 6.04+£2.01, after 48 and 72 h induction, respectively.
For CXCL10, expression values were 1326.49 +210.1 and
334.68 +£45.23, for 48 and 72 h, respectively. In the case of
anti-inflammatory markers, CD206 expression was found
to be higher in MF2 than MF with a 23.97+2.01- and
11.72 +3.14-fold increase at 24 and 48 h (Supplementary
Fig. 1E). A similar trend was also seen when analyzing
the second MF2-associated marker (CCL2), for which
expression values were found to be 12.37+2.14 and
68.46 £13.01, respectively. Immunofluorescence stain-
ing successfully identified M0, M1, and M2 macrophage
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populations based on the expression of CD68, CD80, and
CD163, respectively (Supplementary Fig. 1F).

Exosomal preparations from immune cells

EXOs were purified from ThP-1 monocytic cells, MF,
MF1 and MF2 and characterized for their size and con-
centration profiles. Nanosight analysis showed variations
in the size of EXOs derived from different macrophage
phenotypes (Supplementary Fig. 1G). EXOs derived from
ThP-1 cells showed a size of 92.5+ 12.4 nm which was sig-
nificantly smaller than differentiated macrophages. EXOs
from MF displayed a size of 118.8+19 nm (p<0.01),
those from MF1 and MF2 were found to be 127 + 6.7 nm
(p<0.001) and 108+6.7 nm, respectively. Variations in
particle concentration values were also observed, with
the highest concentration of EXOs being purified from
ME cells (1.16 x 10'° + 7.45 x 10° particles/mL) compared
to ThP-1 (6.70x10° + 3.92x 10’ particles/mL, p<0.01),
MF1 (4.36 x10'°+1.18 x 10'° particles/mL, p<0.05) and
MEF2 cells (1.23x10° + 3.89 x 10° particles/mL) (Supple-
mentary Fig. 1H). All exosome preparations showed
expression of the exosomal marker CD63, confirming
their identity as extracellular vesicles (Supplementary
Fig. 11). These results, together with NTA-based size dis-
tribution and particle concentration data, validated the
quality and comparability of the exosome samples used in
co-culture experiments.

Organotypic SKOV-3 spheroid cultures and viability

assessment following immune cell or EXO exposure

Bright field images of SKOV-3 spheroids produced
using the liquid overlay method were taken overtime
(Supplementary Fig. 2A) and analysis was performed to
determine diameter and circularity. Our data show that
spheroid diameter significantly diminished over time
from 488+12.21 pm at 24 h to 430.75+23.61 pm at
48 h (p<0.01), 430.93+26.47 um at 72 h (p<0.001) and
410.53+16.27 um 96 h (p< 0.001), respectively (Supple-
mentary Fig. 2B). Furthermore, the level of circularity
of the spheroids significantly increased over time, from
87.8+3.1% at24hto93+1% at48 h (p<0.01), 92.9+1.2%
at 72 h (p<0.01) and 93.1+1.3% at 96 h (»p<0.001) (Sup-
plementary Fig. 2C). Co-culture of SKOV-3 spheroids
with immune cell populations resulted in increased via-
bility compared to SKOV-3 spheroids cultured alone,
which were set as 100% (Supplementary Fig. 2D). The
presence of MF induced the highest viability (161.4%),
followed by MF1 (155.8%) and ThP-1 cells (138.3%).
Spheroids co-cultured with MF2 exhibited a compara-
tively lower viability (112.8%) than the other immune
cell co-cultures, yet values remained above the SKOV-3
spheroid—only control. To evaluate the contribution
of secreted factors, SKOV-3 spheroids were treated
with ThP-1-derived EXOs and monitored over 96 h
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Fig. 1 Organotypic culture of SKOV-3 and immune cells. Spheroid formation following Model a (immune and cancer cells were mixed at time 0, A) and b
(immune cells were mixed after 24 h from forming spheroids, B). SKOV-3 cells and immune cells (Thp-1, MO, M®1, and MO2) were fluorescently labelled
with PKH67 (green) and PKH26 (red), respectively. Pictures were taken using an EVOS™ FL Auto Imaging System at 0, 24, 48, 72 and 96 h from cell seed-
ing. Scale bar: 1000 um. Spheroid diameter (um) measurements performed on ovarian cancer and immune cell co-cultures following Model a (C) and b
(D). Results obtained from three biological replicates. Statistically significant differences compared to SKOV-3 only spheroids (*** p<0.001). Histograms
show immune cell distribution across the spheroids following Model a (E) and Model b (F) determined by the total fluorescence intensity relative to the
2D Euclidean distance from the center of the spheroid (for the lowest z-plane) at the latest time point. Green and red lines depict SKOV-3 and immune

cells, respectively

(Supplementary Fig. 2E). Cell viability was consistently
maintained at levels comparable to control spheroids,
with values ranging from 110.9% at 24 h to 99.7% at 96 h.

A reductionist organotypic model was developed by
co-culturing SKOV3 cells with macrophages to assess
the potential interference of immune cells in the natu-
ral spheroid-forming capability of cancer cells. Fluores-
cently labelled SKOV-3 cells (green) were co-cultured
with THP-1 monocytes, M®, M®1, or M®2 (red) under
two experimental models: (a) direct mixing of immune
cells with SKOV-3 cells at the time of seeding (Model a)
or (b) addition of immune cells 24 h after SKOV-3 spher-
oid formation (Model b). Representative confocal images
were acquired at 24, 48, 72, and 96 h to monitor spheroid
morphology and cell distribution. In Model a (Fig. 1A),
the incorporation of immune cells at the time of seeding
differentially influenced spheroid organization depending
on the immune cell type. When SKOV-3 cells were com-
bined with ThP-1 monocytes, a monocyte-rich corona
began to assemble around the spheroid by 48 h (Video
1), with a progressively clearer separation between the
two populations. Monocytes localized predominantly to
the spheroid periphery, while SKOV-3 cells occupied the
core. In contrast, both M® and M®1 were evenly dis-
tributed throughout the spheroid, forming a mixed-cell
uniform structure. Notably, M® delayed spheroid com-
paction compared with M®1 (Video 2 vs. Video 3), but
ultimately produced a more compact spheroid character-
ized by tighter SKOV-3 cell packing by 96 h. Co-culture
with M®2 disrupted spheroid formation entirely: intact
SKOV-3/M®2 spheroids did not form, and instead mul-
tiple small, irregular aggregates were observed (Video 4).
In Model b (Fig. 1B), where immune cells were added 24 h
after spheroid formation, ThP-1 monocytes rapidly accu-
mulated around the pre-formed SKOV-3 spheroid, giving
rise to a thick peripheral corona by 96 h (Video 5). M®
also localized around the spheroid initially but gradually
intermingled with SKOV-3 cells over time (Video 6). In
contrast, M®1 remained largely restricted to the periph-
ery, maintaining a distinct outer layer even at 96 h (Video
7). M®@2 adhered to the spheroid surface after 24 h and
progressively integrated into the structure; however, a
subset of M®2 cells formed small independent clus-
ters surrounding the main spheroid at later time points
(Video 8). Spheroid diameter quantification (Fig. 1C and
D for Model a and b) shows a highly significant (p <0.001)

overall reduction of spheroid size compared to SKOV-3
in presence of macrophages. Video analysis performed
to visualize 3D distribution of immune cells throughout
the spheroids reveals a more marked cell-to-cell inter-
action following Model a (Fig. 1E) compared to Model b
(Fig. 1F), with MF populations reaching the center of the
spheroid and ThP-1 cells are also being able to permeate
the spheroid.

Simplified organotypic cultures of cancer cells and exos
from immune cells

Due to the phenotypic changes in spheroid formation
and structure observed following the addition of different
macrophage types, we tested the potential role of EXOs
isolated from immune cells (ThP-1 monocytes, MF,
MF1 or MF2) in influencing spheroids formation. Fluo-
rescently labelled (PKH67) ThP-1-, MF, MF1 or MF2-
derived EXOs were mixed with SKOV-3 cells (labelled
with PKH26) to form spheroids. Spheroid growth was
monitored at 24 and 48 h. Spheroids formed in presence
of EXOs following Model a and Model b revealed that
EXOs did not alter spheroid phenotype in the same way
parental cells did (Fig. 2A).

EXOs had the capacity to penetrate through the spher-
oid after 24 h (Supplementary Fig. 3A, Supplementary
Fig. 4A) and distribute evenly across it after 48 h (Sup-
plementary Fig. 3B, Supplementary Fig. 4B). In all cases
EXOs were found to accumulate at the core of the spher-
oid (the highest values were recorded at z-stacks Z4 and
75, respectively), and appeared to be present in a higher
concentration after 48 compared to 24 h. Histograms in
Fig. 2C and D show the quantification of the mean flu-
orescent intensity signal associated to EXOs at 24 and
48 h, respectively, following both Models. At 24 h, at
higher concentration of EXOs was observed upon addi-
tion of MF1- and MF2-derived EXOs following Model b,
compared to Model a. The curves generated from the 3D
projections of the confocal z-Stacks confirmed EXOs are
found at the core of spheroid at 24 h, with Model b deter-
mining an increased accumulation towards the center of
the spheroid compared to Model a (Fig. 2Ca). Fluores-
cence signals reach comparable levels between models at
48 h (Fig. 2Cb). A more marked accumulation was found
when EXOs from macrophagic populations were mixed,
since ThP-1-EXOs only displayed a deem fluorescent sig-
nal at 48 h following Model a.
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Fig. 2 Organotypic culture of SKOV-3 and immune cell-derived exosomes. SKOV-3 cells and EXOs were fluorescently labelled with PKH26 (red) and
PKH67 (green), respectively. Exosomal suspensions were added at time 0 (A) and after 24 h from spheroid formation (B), Pictures were taken using an
Olympus FV3000 after 24 and 48 h from exosomal addition. Confocal pictures taken after 24 h from cell seeding: 20X Magnification, scale bar: 150 pm.
Confocal pictures taken after 48 h from cell seeding: 40X magnification, scale bar: 75 um. Mean Fluorescent Intensity signal obtained from PKH67 (green)
quantified using ImageJ software at 24 h (C) and 48 h (D) from EXO addition following Model a and Model b. Results from three independent biologi-
cal replicates are shown. Statistical significance determined comparing Model b versus Model a (***p <0.001). (E) Histograms showing the distribution
of EXOs from immune cells across the spheroids following Model a and Model b after 24 (a) and 48 (b) hrs, determined by evaluating the fluorescence
intensity relative to the 3D Euclidean distance from the center of the spheroid (generated by projecting the z-planes onto a half sphere) at the latest time
point. Green and red lines depict SKOV-3 and immune cells, respectively
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Fig. 3 Effect of direct and indirect interaction of immune cells on spher-
oid EMT-associated genes. Expression of E-CAD and N-CAD expression
were measured on spheroid formed by exposing SKOV-3 cells to immune
cells (ThP-1, MF, MF1, and MF2) or their exosomal counterparts. Target
gene values were normalized to the house-keeping gene GAPDH. Markers
were further normalized to provide fold expression for direct comparison
with 3D SKOV-3 only spheroids. Results from three independent biological
replicates are shown (***p <0.001)

Expression of genes associated to epithelial-to-
mesenchymal transition

To evaluate whether the macroscopic changes observed
in the spheroids following exposure to immune cells or
immune cells-derived EXOs correspond to changes in
expression of the EMT markers, E-Cadherin (E-CAD)
and N-cadherin (N-CAD) gene expression analysis was
undertaken (Fig. 3). Analysis of E-CAD expression at 48 h
in the combined tumor and immune cells model (Model
a) showed an overall significant decrease in the expres-
sion of E-CAD compared to the SKOV-3 only spheroids,
with expression values for SKOV-3/MF of 0.11+0.02,
p<0.001, and close to zero for SKOV-3/MF1 and
SKOV-3/MF2 (p<0.001). In the case of N-CAD expres-
sion, a significant increase in expression was seen upon
exposing SKOV-3 cells to macrophages, with MF and
MF1 showing a similar trend (6.45+2.24- and 5.5+2.78-
fold increase, respectively) (p<0.001). The presence of
MF2 stimulated a 3-fold increase in N-CAD expres-
sion compared to MF and MF1 populations, with values
assessed around 16.12+2.78 (p<0.001). The expression
of cadherins induced following exposure of spheroids to
EXOs showed little to no E-CAD expression in SKOV-3/
ThP-1 (0.009+0.01-fold increase), MF1 (0.05+0.02-
fold increase) and MF2 (0.54 +0.03-fold increase) EXO-
exposed spheroids, while a slight increase was noticed
when SKOV-3 were exposed to MF-EXOs (1.5+0.09-
fold increase). On the other hand, the presence of EXOs
from macrophages was found to cause a significant
increase in N-CAD expression, with values determined
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as 11.46+2.52, 2.53+0.93, and 2.87 +0.78 for MF-, MF1-,
and MF2-EXOs, respectively (p <0.001).

DISCUSSION

Treating OC poses significant challenges, particularly
due to cancerous cell clusters detaching from the pri-
mary tumor into the ascites that can establish multiple
metastatic niches and to the tumor immune microenvi-
ronment (TIME) established at these metastatic sites,
with altered physical properties that foster an immuno-
suppressive milieu [35]. Spheroids formed through the
co-culturing of OC cells with immune cells represent
valuable models that recapitulate the complex interac-
tions that occur within the ascites and TIME and enables
the investigation of various aspects of OC progression,
including tumor growth, invasion, immune evasion, and
response to therapy [36—38]. Through the optimization
of a preclinical model utilizing the mouse ovarian sur-
face epithelial cell line (ID-8), we recently investigated
the immune landscape established within the peritoneal
cavity during advanced OC, focusing on both tumor
mass and ascites accumulation. Our data unveiled the
presence of T cells and antigen-presenting cells (includ-
ing macrophages) dispersed within tumor nodules along
the peritoneal membrane [22]. Consistent with this body
of data, the present study aimed to investigate the role of
monocytes/macrophages in OC spheroid formation. To
achieve this, simplified organotypic spheroids contain-
ing both OC cells (SKOV-3 cell line) and various subsets
of monocytes/macrophages were generated in vitro[37]
and their interaction monitored over time. We used two
distinct approaches: Model a, where immune cells are co-
seeded with tumor cells from time 0, and Model b, where
immune cells are added 24 h after spheroid formation.
Our data demonstrate that these models yield distinct
spheroid characteristics. For example, co-cultures with
THP-1 monocytes resulted in spheroids characterized by
a dense outer layer of monocytes, while spheroids gen-
erated with differentiated macrophages (MF, MF1, MF2)
exhibited unique interaction patterns that influenced
spheroid size and compactness. The combination of
ThP-1 monocytes and SKOV-3 cells resulted in spheroids
characterized by a dense outer layer of monocytes envel-
oping the inner core of tumor cells. This observation sug-
gests that monocytic cells infiltration into TME may be
hindered, as the result of elevated levels of immunosup-
pressive molecules or altered expression of cell adhesion
molecules [39], which are often associated to immune
evasion [40, 41] and tumor progression [42]. Although
this behavior may be attributed to the close aggregation
of the OC cell type chosen for this study [43], it is note-
worthy that this phenomenon was observed both when
monocytes were added to SKOV-3 cells at the outset
(time 0) and after 24 h. This suggests a time-independent



Pisano et al. Journal of Translational Medicine (2025) 23:1192

impact on spheroid formation and a distinct exclusion of
monocytic cells from the clustering process compared
to the behavior observed when macrophages were intro-
duced. These findings align with the differential adhesion
hypothesis, which postulates that the organization and
compaction of multicellular structures are influenced by
differences in adhesion molecule expression among inter-
acting cell types [44]. The exclusion of monocytic cells
from the spheroid core and their tendency to form an
external layer may reflect intrinsic disparities in cell-cell
adhesion properties between immune cells and SKOV-3
cells, as well as dynamic changes in adhesion molecule
expression that dictate cellular positioning within the
spheroid over time [45]. Furthermore, the evaluation
of adhesion molecule expression revealed a marked
increase (p<0.001) in E-CAD in this experimental group,
concomitantly with a basal N-CAD expression compared
to SKOV-3 only spheroids or spheroids exposed to mac-
rophage subpopulations. This trend also diverges from
findings reported in the literature concerning mono-
cyte infiltration in 3D multicellular spheroids formed
using cell lines derived from various cancer types, such
as breast and pancreatic cell lines [46]. Authors reported
monocytes rapidly infiltrate spheroids and differentiate
into mature macrophages with diverse phenotypes in a
cancer cell line-dependent manner.

Although the widely accepted MF1/MF2 dichotomy
has been expanded since a transcriptomic analysis uncov-
ered a spectrum of different TAM functional states, MF1
and MF2 can still be regarded as the two ends of this con-
tinuum of phenotypes, in which different subpopulations
can hold both, MF1 and MF2 features [47]. Compared to
their pro-inflammatory MF1 counterparts, MF2 are pre-
dominant in the OC TME and have been associated with
immunosuppressive roles such as the inhibition of T cell
proliferation [48] or the secretion of immunosuppres-
sive cytokines such as CCL17, CCL22 and IL-10 [49, 50].
TAM presence in ovarian carcinoma has been correlated
with poor survival rates [51] and represents a potentially
relevant target for the development of effective treat-
ments. As an example, regulating chemoattractant fac-
tors known to recruit macrophages into the ovarian TME
is a promising approach for reducing tumor infiltration
of TAMs [35]. When we examined the impact of differ-
ent macrophage subpopulations (including MF, MF1 and
MF2) distinct patterns emerged in spheroid formation,
reflecting the roles these immune cell types play within
the OC environment. Consistent with existing literature
showing macrophages being able to infiltrate 3D can-
cer spheroids [52], we observed differences in cell-cell
interaction comparing to ThP-1 cells, upon mixing MF
and MF1 with SKOV-3 cells, which were contingent on
the model employed for 3D structure formation. With
Model a, both MF or MF1 directly engaged with SKOV-3
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cells, resulting in spheroids that became smaller and
more compact over time. The observed reduction in size
induced by MF1 agrees with the pro-inflammatory role
these cells play and in line with a body of evidence sug-
gesting their potential tumoricidal activities [53]. The
addition of MF determined a delay in spheroid organi-
zation that was found to be functional to the formation
of a more compact entity, even in comparison to MF1-
induced counterparts. Conversely, following Model b a
distinct behavior was observed, whereby immune cells
(both MF and MF1 macrophages) surrounded the spher-
oid by 24 h. Notably, while MF were able to infiltrate the
structure to some extent, MF1 appeared less adept at
penetrating the spheroid, maintaining a distinct, well-
defined layer around it even after 96 h. On the other
hand, in line with previously reported evidence suggest-
ing their involvement in initiating the metastatic process
[38, 54-56], the presence of MF2 resulted in the forma-
tion of multiple spheroids of varying size, deviating from
the typical rounded spheroid morphology with both
Models. The concomitant addition of MF2 macrophages
and tumor cells determined the formation of a large
cluster, surrounded by smaller clusters over time. These
smaller clusters became larger overtime, due to a con-
tinuous interplay occurring between entities, as shown
in Videos 4 and 8. The addition of MF2 after 24 h from
spheroid formation led to the development of an external
corona around tumor cells and few small aggregates of
immune cells in the surroundings. Cell exchange between
aggregates determined the formation of mixed spheres, a
process initiated by MF2. The interplay between MF2 and
cancer cells for spheroid formation has been described
by Long et al. showing the presence of TAMs inducing a
more aggressive phenotype of cancer cells [57].

Previous studies showed that TAMs infiltrate advanced
tumors where EMT is induced in cancer cells [58]. To
elucidate the contribution of macrophage presence in
SKOV-3 phenotype and measure differences between
experimental groups, the expression of markers involved
in EMT was evaluated, by focusing on E-CAD and
N-CAD expression. We observed a three-fold increase in
N-CAD expression, particularly in the presence of M®2,
although E-CAD levels were low across all experimental
groups. It is important to note that EMT is a complex
process involving additional transcription factors such
as Snail, Slug, ZEB1/2, and Twist 8 and that ovarian can-
cer cells may exhibit partial or reversible EMT states.
N-cad has been associated with tumor invasiveness and
poor survival in OC [59], its role remains controversial
[60] and should be interpreted with caution in this con-
text. Concomitantly, the absent to low levels of E-CAD
aligns with the notion that metastasis-prone epithelial
OC cells gradually undergo a decrease in the expression
levels of this gene to prepare for detachment from the
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primary tumor site and abdomen invasion [61], leading
to adverse clinicopathological features. Driven by stud-
ies showing the potential of macrophage-derived EXOs
to influence tumor progression and immune responses
within the TME [62], we hypothesized that the observed
effect could be mediated by paracrine signals exchanged
between cell types. To test this hypothesis, SKOV-3-
based organoid structures were developed replacing
immune cells with their EXOs and monitored over 48-hr
periods. Our observation indicated that EXOs distrib-
ute uniformly among cancer cells when incubated with
them following Model a. Additionally, they successfully
penetrate spheroids when introduced after spheroid for-
mation. The tendency of EXOs to overcome biologic bar-
riers by virtue of their nanoscopic size compared to their
parental has been widely described [63—-65], with macro-
phage-derived EXOs being able to regulate tumorigenesis
through crosstalk with surrounding cells [66]. While no
phenotypical changes were observed at a macroscopic
level across groups, the analysis of EMT markers within
the different spheroid types revealed a pattern of expres-
sion that is similar to the one observed upon cell co-cul-
turing. A marked increase in the expression of N-CAD
was observed as consequent to the exposure of SKOV-3
spheroid to EXOs from macrophagic cells. Surprisingly,
the MF group showed the highest N-CAD expression lev-
els. While the expression of N-CAD in macrophages is in
line with data obtained with their cellular counterparts, a
discrepancy between our findings and existing literature
exists, since greater N-CAD expression levels have been
reported for MF2 compared to MF [67]. The observed
difference could be due to variations in the types of can-
cer cells and models used in those earlier studies.

In our current study, the exposure to macrophages and
their derived exosomes leads to a significant increase in
N-cadherin expression in SKOV-3 spheroids, suggest-
ing an EMT-like shift in the tumor cells. Notably, this
observation aligns with our recent findings where we
demonstrated that adipocyte-tumor interactions -investi-
gated through both cell line models and patient-derived
samples - also promote a cadherin switch characterized
by elevated N-cad levels [68]. These parallel results indi-
cate that distinct stromal components within the tumor
microenvironment, such as adipocytes and macrophages,
may converge on similar molecular pathways to enhance
mesenchymal traits and tumor invasiveness. Together,
these studies underscore the critical role of microenvi-
ronmental cues in modulating tumor cell plasticity and
highlight the therapeutic potential of targeting the signal-
ing pathways underlying this cadherin switch. Our results
with EXOs suggest they are mediators of the observed
molecular alterations found in SKOV-3 cells exposed
to macrophagic populations. Several miRNAs carried
by macrophage-derived EXOs have been implicated in
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OC progression, by specifically targeting genes involved
in cell proliferation migration, and invasion [69]. The
observed differences in EXO size, concentration and
behavior across macrophage genotypes can be attributed
to several factors related to macrophage biology [64, 70].
Different macrophage genotypes exhibit distinct activa-
tion states, metabolic profiles, and secretory pathways,
all of which influence exosome biogenesis, cargo loading,
and release dynamics [71]. Variations in cytokine signal-
ing, intracellular trafficking mechanisms, and membrane
composition could also contribute to these differences.
Besides miRNAs, circular RNAs (circTMCO3) have
been recently identified as exosomal moieties elicited by
MF2 to promote malignancy in OC [72]. The molecular
interplay between cell types and the impact of cancer
cells to macrophage phenotype should be also addressed
since hypoxic EOC cells have been reported to induce a
TAM-like phenotype, and that EXOs derived from mac-
rophages were able to deliver miR-223 to EOC and to
confer them drug-resistance (i.e., cisplatin) through the
activation of the PTEN-PI3K/AKT pathway both in vitro
and in vivo [73]. Further studies into the role of exosomal
moieties will unveil additional insights into the crosstalk
between cancer cells and macrophages within spheroids
to better understand the phenotypical changes observed
in the spheroids which are not related to ‘classical EMT,
including their capability to enhance stem-like proper-
ties in cancer cells. It is worth nothing that our bulk tran-
scriptomic analysis in a co-culture system may partly
reflect changes in cellular composition rather than pure
tumor cell reprogramming.

Future work employing cell-sorting or single-cell RNA
sequencing, coupled with a broader panel of EMT mark-
ers, will be necessary to fully delineate the processes
observed in our models. Furthermore, while circular-
ity provided a convenient 2D metric of spheroid com-
pactness, it has clear limitations in capturing the full
3D architecture. To address this, we plan to incorporate
volume-based analyses in future studies for a more com-
prehensive characterization of spheroid morphology.
Finally, we recognize that the use of SKOV-3 cells and
ThP-1-derived M® in this proof-of-concept study does
not fully capture the complexity of OC and its immune
microenvironment. As a next step, validation using addi-
tional OC cell lines (e.g., IGROV1) and integration of pri-
mary patient-derived immune populations will be critical
to strengthen the translational value of our models and to
bridge controlled in vitro systems with clinically relevant
tumor—immune interactions.

Recent advances in spatial transcriptomics further
highlight the critical role of tissue organization in under-
standing ovarian cancer biology. For instance, Stur et
al. used intact tissue spatial transcriptomics to reveal
that tumor and stromal cluster architecture, rather
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than composition alone, correlates with chemotherapy
response in HGSOC [74]. More recently, Denisenko
et al. identified discrete tumor subclones with distinct
ligand—receptor signaling neighborhoods, suggesting
subclone-specific interactions with immune, stromal,
and endothelial populations [75]. In parallel, a radioge-
nomics study by Ju et al. integrated CT imaging with
spatial transcriptomics and demonstrated the potential
for non-invasive stratification of recurrent vs. non-recur-
rent disease [76]. These findings reinforce that physi-
cal context and spatial proximity are key determinants
of tumor—immune dynamics and therapeutic response.
Our spheroid models, by recapitulating controlled spa-
tial configurations of tumor and immune cells, offer an
experimentally tractable platform to probe these organi-
zation-dependent mechanisms and complement insights
from patient tissue spatial profiling.

Conclusion

Our research highlights the significant role of M®
and their EXOs in shaping the cellular dynamics and
functionality of OC spheroid models. The dual-model
approach adopted in this study demonstrates that early
co-aggregation versus later immune cell infiltration
exerts distinct effects on spheroid morphology, adhe-
sion molecule expression, and EMT-like shifts in tumor
cells. By focusing on E- and N-cadherin, we provided
an initial indication of epithelial-mesenchymal dynam-
ics; however, we acknowledge that a broader analysis of
EMT-related genes will be important to fully delineate
these processes. Aligning our findings with our prior
in vivo analyses of ascites immune landscapes, we pro-
pose that Model a more closely reflects the compact,
mixed aggregates observed in ascites-bearing OC mice,
whereas Model b mimics the later infiltration or exclu-
sion of immune cells into established tumor clusters [22].
This distinction underscores that the two models are not
redundant but instead capture complementary stages of
tumor—immune interactions. Together, our results sup-
port the role of M® as active contributors to the tumor
microenvironment and point to their interactions with
tumor cells as promising therapeutic targets. While this
study serves as a proof-of-concept, it establishes a frame-
work for future validation using additional ovarian cancer
cell lines and patient-derived samples, thereby strength-
ening its translational relevance.
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M1 Pro-inflammatory macrophages
M®2 Anti-inflammatory macrophages
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SKOV-3 Serous ovarian cancer cell line
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