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Background: The tumor microenvironment (TME) composition is among the critical events leading to the poor prognosis of head
and neck cancers. TME includes immune cells, tumor-associated macrophages (TAMs), cancer-associated fibroblasts (CAF), and other
non-cancerous cells, which contribute to therapeutic outcome. The heterogeneity of the TME offers a multitude of potential targets for
photodynamic therapy (PDT). Advanced 3D models that closely mimic the microenvironment are a promising tool to study tumor-
stroma interactions, TAM plasticity and their impact on Foslip®-PDT outcome.

Objective: The aim of this study was to assess the effect of Foslip-PDT on photo-induced macrophage re-education in 3D tri-culture
model composed of cancer cells, CAFs, and macrophages.

Methods: A 3D model was established using FaDu cancer cells, MeWo fibroblasts, and PMA-differentiated U937 macrophages. The
spheroids were characterized using immunochemistry, immunofluorescence, and qPCR. Foslip-based photoirradiation was applied to
spheroids at different fluences to evaluate the photoinduced cell death. Macrophage phenotypes were assessed by flow cytometry.
Results: The 3D tri-culture model displayed hallmarks of stromal-tumor interactions, including CAF clustering, macrophage
infiltration (~30-40%), and epithelial-mesenchymal transition. Macrophages in the spheroids had prevailing M2 phenotype as deduced
from overexpression of immunosuppressive markers (CD163, PDL-1, IL-10). The liposomal photosensitizer Foslip accumulated 2 to 3
times more in macrophage-enriched spheroids, however, PDT induced similar levels of cell death in all tested models. At the same
time, Foslip-PDT produced immunomodulatory effect in tri-culture model characterized by the increase of CD80-M1 marker
expression and the decrease in the expression of the CD206-M2 marker.

Conclusion: The 3D tri-culture model integrated essential features of the HNSCC microenvironment. Foslip-PDT was effective in
reprograming M2 macrophages to tumor-killing M1 macrophages. This study opens the way to combine direct tumor damage with TME
modulation.
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Introduction

Head and neck cancer (HNC) is the seventh most common cancer worldwide.'* Head and neck squamous cell carcinoma
(HNSCC) is the most prevalent form of HNC, accounting for 90% of all HNC cases. HNSCC primarily originates from the
squamous epithelial cells of the pharynx, oral cavity, and larynx. Despite advances in the treatment and understanding of
disease biology, HNSCC remains an aggressive malignancy and the five-year survival rate has not improved significantly in
the past years (ca. 60%).> > The incidence of this disease is estimated to increase by 30% by 2030° thus emphasizing the urgent
need for efforts to adjust therapeutic strategies. Among the events leading to the poor prognosis of head and neck cancers, the
tumor microenvironment (TME) composition is a critical one. Considering these challenges, the interaction between cellular
(cancerous and non-cancerous cells) and non-cellular components in the TME serves as a determinant of therapeutic outcome.

https://doi.org/10.2147/1IN.S562422 International Journal of Nanomedicine 2026:21 562422 |
Received: 11 September 2025 © 2026 Francois et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
Accepted: 12 February 2026 AT Php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http:/creati licenses/by-nc/4.0/). By accessing the

Published: 18 March 2026 work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Francois et al

The heterogeneous non-cancerous cells can represent up to 90% of the tumor mass® and include immune cells, endothelial
cells, stem cells and cancer associated fibroblasts (CAF), among others. Tumor-associated macrophages (TAM) are the
principal tumor-infiltrating innate immune cells.” In response to certain stimulus TAMs can be polarized to either protumori-
genic M2-like or tumoricidal M1-like cell.” HNSCC are highly infiltrated with M2-TAMs, associated with poor overall
survival.® It has been accepted that macrophages possess a huge plasticity and diversity, thus targeting TAM in order to convert
M2-like to tumoricidal M1-like macrophages is challenging and of great significance.®’

Photodynamic therapy (PDT), widely explored and reported as a theranostic intervention,” has been approved for the
treatment of some cancers and precancerous lesions through the light activation of a photosensitizer (PS) with successive
production of toxic reactive oxygen species.'”"'" Successful clinical trials led to the approval of temoporfin (or 5,10,15,20-
tetrakis(meta-hydroxyphenyl)chlorine mTHPC) for the palliative treatment of head and neck cancers in 2001. Later,
nanocarrier strategies offered multiple benefits to PDT, particularly by overcoming the hydrophobicity of free PS, thus
improving its bioavailability and tumor selectivity. A liposomal formulation of mTHPC (Foslip™) has proven its efficiency
by facilitating tumor accumulation and decreasing dark toxicity, while maintaining high photodynamic efficiency. >

As stated in recent studies, the heterogeneity and complexity of the TME offer a multitude of potential targets for
photodynamic nanomedicines, emphasizing the need to identify and target both cancer cells and supporting cells.'*'?
Consequently, preclinical models that closely mimic the HNSCC microenvironment are of utmost importance. 3D model
over 2D demonstrate numerous advantages being a promising tool to study tumor-stroma interactions, TAM plasticity
and their impact on therapeutic issue in cancers."*

In previous studies, we optimized the co-culture of 3D spheroids composed of tumor cells and stroma cells (CAF or
macrophages).'> 7 These models served to evaluate nanoparticle accumulation and penetration and to reveal how the stroma
affects the response to PDT. In particular, recently we showed the potential of co-culture HNSCC 3D model composed of
FaDu cancer cells and infiltrated macrophages to recapitulate the interactions between immune cells and cancer cells.'” In this
study Foslip photoinduced cell death was not influenced by the subtypes of macrophages (M0, M1, M2). Fibroblasts and
macrophages are the key players in the head and neck cancer microenvironment. Thus, in line with this research, we created
and characterized an in vitro 3D head and neck tumor tri-culture model in order to simulate interaction between tumor cells,
infiltrated immune cells and CAFs. We further assessed the effect of Foslip-PDT on macrophage re-education in a fabricated
3D tri-culture model to determine whether the TME enriched in fibroblasts would affect the PDT response compared to
simpler HNSCC cancer models.

Materials and Methods
Cell Lines

The human pharyngeal squamous carcinoma cell line FaDu (Cat. No: ATCC1 HTB-43™), and the human monocyte cell line
U937 (Cat. No: ATCC CRL-1593.2) derived from histiocytic lymphoma were cultured in phenol red-free Roswell Park
Memorial Institute 1640 medium (RPMI-1640, Invitrogen, Carlsbad, California, USA) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS, Sigma-Aldrich, Saint-Quentin Fallavier, France) and 1% (vol/vol) 0.2 M glutamine
(Invitrogen, Carlsbad, California, USA). MeWo cells (Cat No: ATCC HTB-65"™), granular fibroblasts, derived from human
melanoma, were used as CAFs.!” MeWo cells were cultured in Minimal Essential Medium (MEM, Sigma-Aldrich, Saint-
Quentin Fallavier, France) supplemented with 9% (vol/vol) of FBS and 1% (vol/vol) 0.1 M sodium pyruvate (Sigma-Aldrich,
Saint-Quentin Fallavier, France). The cells were maintained in a humidified incubator at 37 °C with 5% CO, and reseeded
either weekly (FaDu and MeWo cells) or twice per week (U937 cells) to ensure exponential growth.

In vitro Differentiation of Macrophages from Monocytes

The U937 cells, differentiated with phorbol myristate acetate (PMA), is commonly used as a simplified in vitro model of
macrophage-like cells (MO macrophages).'>'®'” U937 monocytes, plated at a concentration of 2x10° cells / mL, were
differentiated into MO macrophages after 48h of incubation in complete RPMI medium in the presence of 100 ng/mL phorbol
myristate acetate (PMA) (Sigma-Aldrich, Saint-Quentin Fallavier, France).'> At the end of incubation, PMA-differentiated
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macrophages were rinsed with phosphate buffered saline solution (PBS), and harvested using Accutase Cell Dissociation
Solution (GIBCO, ThermoFisher, Waltham, MA, USA) for 15 min at 37 °C for further spheroid generation.

Formation of Three-Dimensional Tumor Spheroids

Multicellular tumor spheroids were generated using the liquid overlay technique, as described previously.'” Briefly,
100 pL of FaDu cells (5 x 10* cells/mL) and 100 pL of complete RPMI medium were added to each agarose-precoated
(1% w/v in water) well of 96-well plates (200 uL/well). Homotypic and heterotypic spheroids were fabricated as follows:
(1) monoculture composed of 5000 FaDu cells (F5), which served as the control, and (2) co-culture composed of
a mixture of MeWo and FaDu cancer cells in a 1:1 ratio (FSMwS5). To establish the infiltration models, a suspension of
MO differentiated macrophages at two concentrations (5x10* cells/mL and 10x10* cells/mL) was added to the F5 and
F5MwS5 spheroids 24 h after spheroid formation. The resulting spheroids with infiltrated macrophages were termed F5
+M5 and F5+MI10, and the tri-culture infiltrated models were termed FSMw5+MS5 and FSMw5+MI10, respectively
(Figure 1). Brightfield images were captured daily using an inverted Olympus CK2 microscope (Olympus, Rungis,
France) coupled with a camera to assess spheroid growth evolution.

Composition of Spheroids

The composition of co- and tri-culture-infiltrated spheroids was studied by flow cytometry, using the fluorescence of
membrane-bound dyes to distinguish each cell type. On the day of seeding, the cell types were pre-stained with
fluorescent dyes for general cell membrane labeling. The green Fluorescent Cell Linker PKH67, Red Fluorescent Cell
Linker PKH26 or CellVue® Claret Far Red Fluorescent Cell Linker (Sigma-Aldrich, Saint-Quentin Fallavier, France)
were used according to the manufacturer’s instructions, as previously described.'>'”° Briefly, with a suspension of 10’
cells washed with serum-free medium. The cell pellet was gently mixed with 4 uM of fluorescent dye for 10 min in the
dark. The reaction was stopped by the addition of serum for 2 min, washed twice in complete medium, and seeded onto
agarose precoated plates. Spheroid cultures were maintained at 37 °C (5% CO,). On day 5 of culture, eight spheroids
were dissociated as previously described'® (25 min agitation with 0.025% trypsin and 0.01% EDTA (GIBCO,
ThermoFisher, Waltham, MA, USA)). Dissociation was completed by vigorous pipetting before centrifugation at 400
g for 5 min. Cell suspensions were analyzed by flow cytometry (BD Accuri C6 Plus, BD Biosciences, Erembodegem,
Belgium). The fluorescence signals of PKH67-, PKH26-, and claret-labelled cells were detected in the fluorescence
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Figure | Schematic representation of 3D spheroids generation.
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channels using a 533 + 30 nm filter (Aexc = 488 nm), 585 + 42 nm filter (Aexc = 488 nm), and 661 + 16 nm filter (Aexc =
633 nm). The distribution of cells into spheroids was studied using 10 pm thick frozen spheroids sections. Eight
spheroids from at least four different experiments were sectioned at different depths. Frozen sections were analyzed to
determine the center of each spheroid, which was defined by its maximum diameter. The fluorescence of the pre-stained
cells was then observed using an epifluorescence microscope (Olympus AX-70, Olympus, France) equipped with
a CoolLED pe-4000 system (CoolLed, UK). Fluorescence signals from PKH67, PKH26, and the Cell Vue Claret were
registered using 510-550 nm filter (Aexc = 460 nm), 560—600 nm filter (Aexc = 550 nm) and 652—-682 nm filter (Aexc =
635 nm) filters, respectively. Fluorescent images of spheroids with distinct cell populations were analyzed using ImageJ
software. The fluorescence signals from each population were separated by the corresponding channel, thresholded, and
quantified using pixel area. The relative proportion of macrophages was calculated as the percentage of the total
fluorescent area.

Immunochemistry and Immunofluorescence

For immunohistochemistry and immunofluorescence analysis, 10 um thick frozen sections of spheroids, embedded in
tissue freezing medium (TFM, Microm Microtech, France), were fixed in 96% ethanol or in 4% paraformaldehyde for
10 min at room temperature. Immunological staining for Ki-67, E-Cadherin, and Vimentin was performed on
a BechmarkUltra IHC automated Roche (Roche Diagnostics, Rotkreuz, Switzerland) using monoclonal mouse anti-
human Ki67 antigen clone Mibl (1:50 dilution), mouse anti-human anti-E-cadherin clone NCH-38 (1:100 dilution),
and mouse anti-human vimentin Clone V9 (1:200 dilution) respectively (Dako, Santa Clara, CA, USA). The macro-
phage population was identified with the CD68 marker using the Dako Omnis IHC automate (Dako Agilent, Santa
Clara, CA, US) with mouse anti-human CD68 (clone PG-M1, Dako Omnis Santa Clara, CA, US). For immunofluor-
escence staining, frozen sections of spheroids were incubated with a blocking solution for 1 h (3% bovine serum
albumin in PBS), followed by overnight incubation at 4 °C with rabbit polyclonal anti-fibronectin (Abcam, 1:100
dilution) antibody. The next day, sections of spheroids were incubated with secondary goat anti-rabbit antibody Atto
550 (Sigma, 1:400 dilution) for 1 h. The nuclei were counterstained with DAPI dye mounting medium (Vectashield
with DAPI, Vector Laboratories, USA). Cryosections were observed under an epifluorescence microscope (Olympus
AX-70, Olympus, France) equipped with a CoolLED pe-4000 system (CoolLed, UK). DAPI fluorescence was detected
using a 420460 nm filter (Aexc = 365 nm), and the signal from Atto550 conjugated antibody was registered with
a 560-600 nm filter (Aexc = 550 nm).

Relative Gene Expression Using Reverse-Transcription PCR

Spheroids were harvested on days 3 and 5 post-seeding, pooled, and centrifuged for 5 min at 1500 rpm. They were then
digested with PBS half-diluted trypsin solution (0.025% trypsin and 0.01% ethylenediaminetetraacetic acid (GIBCO,
ThermoFisher, Waltham, MA, USA) for 25 min at 37 °C under agitation. RNA was extracted from the cell pellets using
an RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The isolated RNAs was
quantified using the Invitrogen Qubit RNA HS Assay Kit (ThermoFisher Scientific, Inc. Waltham, MA, USA). cDNA
was obtained from 1 ug of RNA using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). Primer sequences
were purchased from Eurogentec (Seraing, Belgium), and are listed in Supplementary Table 1. Quantitative PCR was

performed on a LightCycler™ 480 (Roche, Basel, Switzerland) using SYBR green qPCR master mix from CliniSciences
(Nanterre, France) and human B-actin as the standard reference gene. Relative gene expression was further normalized to
that of FaDu spheroids (F5) on day 3 using the standard 2 %" method.

Foslip Incubation

Foslip, a liposomal mTHPC (Temoporfin) formulation, was kindly provided by biolitec research GmbH (Jena, Germany).
The 1.5 mM stock solution of Foslip was prepared in water for injection and kept at 4 °C in the dark. On the 4™ day of
spheroid formation, 100 pL of medium was replaced with 100 pL of double-concentrated Foslip solution to achieve
a final mTHPC concentration of 4.5 uM. After 24 h of incubation with Foslip, the spheroids were rinsed with serum-free
RPMI medium and subjected to further experiments.
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Foslip Accumulation in 3D Spheroids

Foslip accumulation in spheroids was evaluated using flow cytometry to measure mTHPC fluorescence. The spheroids were
dissociated, as described above, for 25 min under agitation with half-diluted trypsin. mTHPC fluorescence was registered
with a 675 & 25 nm (Aexc = 633 nm) filter, while accumulation of Foslip in the different cellular types was evaluated using the
fluorescence of membrane dyes corresponding to each type of cells, as described above, in the “Composition of spheroids”
section. Foslip accumulation in 3D spheroids was assessed by mean fluorescence intensity (MFI) values, derived from Flow
Cytometry data analysis. Foslip fluorescence was recorded in frozen sections using an epifluorescence microscope (Olympus
AX-70) with a high-pass 590 nm filter (Aexc = 405 nm). Image analysis was performed using ImageJ software (NIH, USA).

Photo-Induced Cell Death

The spheroids were treated with Foslip for 24 h at 37 °C and then irradiated with a Ceralas PDT diode laser at 652 nm
(CeramOptec GmbH, Bonn, Germany). The spheroids were irradiated at 10, 20, and 40 J/cm? at a fluence rate of 30 mW/
cm?. The control conditions “No Light, No Drug” and “Drug only, no light” were performed in parallel. Photo-induced
toxicity in dissociated spheroids was assessed by flow cytometry at 24 h post-treatment. Necrotic cells were quantified using
propidium iodide (PI) staining (1 pg/mL, BioLegend, San Diego, CA, USA) after 15 min of incubation at room temperature.
PI fluorescence was detected using flow cytometry in a channel equipped with a 585 + 40 nm filter (Aexc = 488 nm).

Photo-Induced Modification of Macrophage Phenotype

Control and PDT-treated spheroids were collected 24 h after treatment and dissociated into single cell suspensions. The
phenotype of infiltrated immune cells in co- and tri-culture spheroids was analyzed by immunofluorescence staining of
surface protein expression as described previously.'> Non-specific Fc Receptor was blocked using a BD Pharmingen
Human BD Fc Block (Cat#564220, BD Biosciences; Le Pont de Claix, France) for 10 min at room temperature. The cells
were then incubated with the respective antibodies in PBS supplemented with 2% FBS for 45 min. M1 and M2 staining
were performed using purified mouse anti-human CDS80 (clone L307.4; Cat#557223) and CD206 (clone 19.2;
Cat#555953), respectively (BD Biosciences; Le Pont de Claix, France). After washing, the cells were incubated with
a secondary goat anti-mouse FITC-conjugated antibody (Sigma-Aldrich) and analyzed by flow cytometry. Data are
presented as relative protein expression compared to the respective controls: F5 or FSMwS5 spheroids without irradiation.

Statistical Analysis

The data are representative of at least three independent experiments, and the values are expressed as mean + standard
error of the mean (SEM). Data analysis was performed using the Origin software (OriginLab, Northampton, MA, USA).
Statistical analyses, such as unpaired parametric two-tailed t-tests and one-way ANOVA with Tukey’s multiple compar-
ison tests, were applied to determine the statistical significance between the datasets with a significance level of p < 0.05.
For qPCR analysis, the statistical significance of gene expression in stroma-enriched spheroids was calculated by
comparing them with F5 spheroids or between spheroids in co-culture or tri-culture.

Results

Generation of Macrophage-Enriched Spheroids
Spheroids were generated from FaDu or FaDu / MeWo cells using liquid overlay technique as described
previously.15 17:20 We consider MeWo fibroblasts as CAF due to previous paper, where we demonstrated the expression
of the characteristic protein of CAF, alpha-SMA and overexpression of fibronectin. The latter increased as the number of
MeWo cells increased.'” 24h post-culturing, cell suspension of macrophages at two concentrations (5*10* cells/mL “M5”
and 10*10* cells/mL “M10”) was added into the wells to study their infiltration into spheroids. In our previous studies
related to mTHPC-PDT'® and Foslip-PDT'>'"" we have already used PMA- differentiated U937 as a model of MO
macrophages. In these studies we established changes in morphology, adherence properties and functional activity.

In F5 mono-spheroids, we observed a significant increase (p < 0.001) in the diameter of spheroids after the addition of
macrophages, irrespective of the experimental conditions (macrophage concentration and day of culturing). At the same
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time, co-culturing FSMw5 spheroids with macrophages did not change the size of spheroids, irrespective of the
macrophage concentration (Supplementary Figure 1).

The kinetics of macrophage infiltration were evaluated using flow cytometry (Figure 2). Cells were stained with the
corresponding membrane dyes to distinguish between each cell type in the co-culture and tri-culture spheroids. Macrophage
infiltration was the highest on the 3™ day of growth (except for FSMw5+M10) and then declined (Figure 2). It has been
reported that up to 30% of head and neck cancers are infiltrated by macrophages.?' >* Based on these literature data along with

the kinetics of macrophage infiltration, we fixed two conditions for further experiments: day 5Sth of culturing and macrophage
concentration as M10.

Optical imaging conducted five days post-seeding on macrophage-enriched F5 spheroids (F5+M10) demonstrated the
formation of tight round spheres with an even surface (Figure 3A). Typical fluorescent images of the central section of
the spheroids revealed the presence of macrophages across the spheroids (Figure 3A, pink). This observation was
confirmed by immunohistochemical staining for the pan-macrophage marker CD68 (data not shown). The sphere-shaped
tri-culture of FSMw5+M10 spheroids appeared rather dense, with fibroblast clusters (Figure 3A). The distribution pattern
of macrophages in the tri-culture was similar to that in the F5+M10 model (Figure 3A).

Ki67-assessed staining demonstrated strong cell proliferation in both types of spheroids without a clear necrotic core
(Figure 3A). The quantification of each cell type in the spheroids was determined by flow cytometry on day 5 of culture
(Figure 3B). The addition of macrophages to mono-spheroid F5 resulted in ca. 30% infiltration. This infiltration level is
comparable with our precedent study, where 30% of macrophages were detected in co-cultured FaDu / macrophage
spheroids.'> In CAF-enriched FaDu spheroids the number of macrophages was approximately 40%, which was
statistically different (p = 0.0127) compared to macrophage-enriched FaDu spheroids (Figure 3B). Using quantitative
image analysis (Image J software), we estimated macrophage infiltration to be 27 + 2% (n = 19) and 26 £ 4% (n =9) for
the co-culture and tri-culture, respectively. By combining the data from both techniques, we can conclude that the
presence of MeWo cells does not prevent macrophages from infiltrating spheroids.

Assessment of TME Features in Spheroids

To characterize the fabricated spheroid models, IHC staining of E-cadherin, vimentin, and immunofluorescence of
fibronectin was performed on frozen sections of spheroids (Figure 4A), along with qPCR analysis of epithelial-
mesenchymal transition (EMT) markers (Figure 4B). Compared to F5 spheroids, E-cadherin expression was lower in
co- or tri-culture spheroids (Figure 4A). Indeed, the addition of either macrophages or fibroblasts to mono-culture F5
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spheroids resulted in the downregulation of E-cadherin gene expression (Figure 4B), thus indicating the loss of adherent
junctions and rendering the spheroids more fragile than the parent F5 spheroid. We further assessed N-cadherin
expression in co-cultured and tri-cultured spheroids (Figure 4). Two distinct profiles of N-cadherin expression were
observed depending on the type of spheroid: downregulation of N-cadherin in F5 spheroids with or without macrophages
and significant N-cadherin expression (p < 0.05) in fibroblast-enriched and tri-culture spheroids (Figure 4B).

Although loss of E-cadherin and expression of N-cadherin® are the primary criteria for EMT in cancer, they are not
sufficient. To highlight the EMT process, it is necessary to determine the expression of additional mesenchymal markers
such as vimentin and fibronectin. Compared with F5 spheroids, we observed a clear increase in the expression of
fibronectin and vimentin (Figure 4A) and a strong upregulation of vimentin (p < 0.05) (Figure 4B) in co-culture and tri-
culture spheroids. According to these findings, stromal cells such as CAFs and macrophages promote EMT in the
proposed 3D tri-culture model, underprinting the mesenchymal nature of the cells.

We further evaluated the phenotype of the macrophage-infiltrating spheroids using qRT-PCR. The macrophages share
some M1 and M2 characteristics, however, M2-like macrophages were predominant in macrophage-enriched spheroids,
as evidenced by upregulation of CD163 expression (Figure SA) and low CD80 expression (Figure 5B). The prevalence of
M2 pro-tumor type macrophages also correlated with the presence of high levels of immunosuppressive factors or
immunomodulators, such as CCL2, PDL-1, and IL-10 (Figure 5A), and low or comparable levels of TNF-a, IL-1f, and
IL-12 (Figure 5B), which are characteristic of M1-like cells.

Foslip Accumulation

After 24 h of incubation, Foslip accumulation in the dissociated spheroids was assessed using flow cytometry by
measuring the mean fluorescence intensity (MFI) (Figure 6A). According to MFI values, Foslip accumulation was the
same in FaDu spheroids (125,000 £ 15,000 a.u.) and spheroids co-cultured with MeWo (FSMwS5) (151,000 + 13,000 a.u.;
p = 0.187) (Figure 6A). By contrast, Foslip fluorescence increased significantly when macrophages infiltrated spheroids,
reaching a 2-times higher value of MFI value than macrophage-free spheroids (Figure 6A).

As presented in our previous paper,'® three distinct cell populations could be derived from the flow cytometry plots:
unstained cells and cells exhibiting low and high mTHPC fluorescence. Based on this analysis (Figure 6B), the fraction
of cells with high fluorescence increased significantly upon macrophage infiltration, reaching 55.5% (p = 0.010) and
69.7% (p = 0.00003) in the F5+M10 and FSMw5+M10 spheroids, respectively. Further investigation was performed to
identify the cell types involved in this increase. Using distinct fluorescent membrane dyes, the increased fraction of high
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Figure 5 qRT-PCR assessed macrophage differentiation in 3D spheroids on day 5 of spheroids culturing. Gene expression of (A) M2 markers (CD163, IL-10, PDL-1, TGF-5,
CCL2 and MMP-9) and of (B) M| markers (CD80, TNF-a, IL-18 and IL-12) in 3D spheroids. Data presented as mean + SEM (n= 3—4). Statistical significance is marked with
an asterisk **p < 0.01, ***p <0.001 compared with F5.

Abbreviation: a.u., arbitrary units.
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fluorescence could be attributed solely to macrophages, as there was no significant change in the percentage of FaDu or
Mewo cells with high Foslip fluorescence after macrophage infiltration (Figure 6C). The pattern of Foslip distribution on
frozen cuts (Figure 6D) confirmed Foslip accumulation across the spheroid, with strong Foslip fluorescence at its
periphery (Figure 6D).

Photo-Induced Cell Death and Modification in Macrophage Phenotype

We evaluated the photoinduced toxicity in mono- and co-culture spheroids 24 h after Foslip-PDT irradiation with
escalating light fluences (Figure 7). Dose-dependent cell death was observed in all types of spheroids, with acceptable
viability in the control groups (no light, no drug, or drug only) (Figure 7). Photo-induced cell death did not differ between
monoculture, co-culture, and tri-culture spheroids at any applied light dose.

M2-TAM contribute to an immunosuppressive tumor microenvironment affecting tumor progression and chemother-
apy resistance. Considering that the M2 phenotype was predominant in macrophage-enriched spheroids (Figure 5), we
were interested in whether a change in macrophage phenotype could be achieved by Foslip-PDT. Spheroids were
dissociated 24 h after PDT and analyzed using flow cytometry to assess the expression of CD80 (M1) and CD206
(M2). The protein expression presented in Figure 8 was normalized to that of the spheroids without irradiation
(normalized to 1). In F5+M10 spheroids (Figure 8A), CD80 expression increased after irradiation at 20 and 40 J/cm 2,
and was accompanied by a notable decrease in CD206 expression. In tri-culture spheroids (Figure 8B), CD80 expression
was elevated at all light doses (p < 0.001 at 10 J/cm %), and CD206 expression was significantly decreased at 20 and 40 J/
em 2 (p < 0.001 and p = 0.0033 respectively) (Figure 8B). Thus, in response to Foslip-mediated PDT, we observed an
increase in the M1 marker with a loss of M2 characteristics, suggesting that Foslip-PDT triggers the modification of the
macrophage phenotype towards anti-tumor M1-like macrophages.
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Discussion

Increasing amount of studies indicate that the TME is important for cancer progression, metastasis and resistance to anti-
cancer drugs.' Generally TME consists of irregularly formed tumor vessels, extracellular matrix, cancer-associated fibroblasts
(CAF), and immune cells, including TAM." Fibroblasts and macrophages are the key players in the head and neck cancer
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microenvironment.'* Numerous papers investigated the interactions between cancerous and non-cancerous cells (CAFs and

TAMs) to improve our understanding of how anti-cancer therapies can affect a variety of malignancies,'**¢

28

including
HNC.>*” CAFs and M2 macrophages may be potential prognostic predictors of oral cancers.

Both 3D co- and tri-culture models exhibited approximately 30% macrophage infiltration (Figure 2), consistent with
previous studies, in which TAM accounted for up to 50% of the tumor mass.>* Special attention was paid to the
distribution of stromal cells in the spheroids. In solid tumors, the distribution of immune cells in the TME is
heterogeneous with TAMs often found infiltrating the tumor.®> TAMs are also abundant at the tumor margins, where
they may be involved in different processes like tissue metastasis and immune surveillance.”” Homogenous macrophages
infiltration was observed in macrophages-enriched FaDu spheroids, whereas macrophages were less evenly distributed in
tri-culture models (Figure 3A). This change in the distribution pattern was clearly related to fibroblast localization in the
tri-culture model. In head and neck cancers, CAFs are distributed at higher densities in the peritumoral stroma, around
blood vessels, and in areas of tumor invasion. Their distribution is influenced by factors such as tumor size, hypoxia,
inflammation etc.’® We indeed observed predominantly peripheral localization of CAFs, and cells were recurrently
assembled in the form of clusters (Figure 3A).

Epithelial-mesenchymal transition (EMT), the acquisition of mesenchymal features from epithelial cells, occurs
during tumor progression and is a highly deregulated process.>! Tri-culture 3D spheroids demonstrate the main features
of EMT, such as a decrease in E-cadherin expression with a simultaneous increase in the expression of N-cadherin.
Furthermore, although vimentin was upregulated in all types of co-culture and tri-culture 3D models, fibronectin was
overexpressed in tri-cultures only (Figure 4). These changes are clearly related to the mesenchymal phenotype of cells
and suggest remodeling of the extracellular matrix, as reported in many studies.”* It is widely acknowledged that pro-
tumor M2 are the predominant type of TAM in HNSCC.**** We observed an upregulation of characteristic markers of
M2 (CD163, PDL-1, IL-10, and CCL2) along with downregulation of several M1-like macrophage markers (Figure 5A),
thus confirming that M2-like macrophages are the principal type of TAM in the tri-culture model. These data are
consistent with the review of Lechien et al, where several studies based on clinical samples demonstrated that over 80%
of macrophages in the head and neck TME were M2-macrophages™> It is also known that U937 cells, the precursors of
MO macrophages, are skewed toward the M2 phenotype.*® The upregulation of M2 gene expression was observed
from day 3 after spheroid formation (data not shown) and was independent of culture duration or the presence of CAFs.
Moreover, M2 upregulation was even improved in the absence of CAFs (Figure 5A). Immune cell recruitment and
macrophage polarization are critically dependent on the release of cytokines and growth factors. The secretion of
chemokine CCL2 by HNSCC cells®” or fibroblast-rich breast cancer spheroids,® is associated with monocyte recruitment
and polarization to M2 macrophages. Overall, we can conclude that 3D HNSCC models were faithfully generated using
human pharyngeal cancer cells and the surrounding stromal components, such as tumor fibroblasts and macrophages,
with a predominance of M2 macrophages.

Tri-culture models and the corresponding control spheroids were further subjected to Foslip-PDT at escalating light
fluences to explore the influence of cell heterogeneity on the photo-induced response. Our previous study'> conducted in co-
culture FaDu/macrophage spheroids, demonstrated improved Foslip accumulation in macrophages compared to FaDu cells.
Consistent with this observation, Foslip in tri-culture spheroids also showed efficient accumulation in macrophages
(Figure 6C). Better Foslip accumulation in tri-culture may be related to notable macrophage infiltration (Figure 2) and/or
enhanced spheroid permeability, as evidenced by reduced E-cadherin staining in the presence of CAFs (Figure 4A and B).
Therefore, the accumulation of Foslip was significantly facilitated while maintaining peripheral localization (Figure 6D).
Strong Foslip confinement to the periphery of different types of spheroids has already been reported in several

papers.?>**° In our previous report,'

a better uptake of Foslip by macrophages at the expense of FaDu cells in
macrophage-enriched spheroids did not result in improvement of photo-induced PDT efficiency. The same was true for
the tri-culture model (Figure 7A). In addition to its direct photo-induced tumor cell death, nanoparticle-based PDT is known
to induce immunogenic cell death,*' target TME cells,****> modulate the microenvironment,** and reprogram TAMs.**~**
The ideal way to target TAM is to repolarize M2 macrophages into tumor-killing M1 macrophages, thus promoting the anti-
tumor immune response. Only few studies reported photo-induced repolarization to M1 macrophages in cultured tumor

cells."%*% A study of Wang et al demonstrated a photo-induced pro-inflammatory polarization of 2D murine
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macrophages into M1 macrophages leading to a robust anti-tumor immune response.*’ A study of Zhu et al demonstrated
that sublethal photodynamic treatment using Temoporfin crystalline nanoparticles triggers repolarization of M 1- to M2-like
macrophages in 2D macrophages.*® A very recent study’’ demonstrated a loss of pro-tumor characteristics of M2
macrophages after their incubation with conditioned medium from PDT—exposed colorectal cancer cell lines. To the best
of our knowledge, the photoinduced repolarization of macrophages in 3D tumor models has not yet been reported. Twenty-
four hours after Foslip PDT, we observed reduced expression of M2-surface markers (CD206) and an increase in M1-CD80
expression in the tri-culture model, specifically at lower light doses (Figure 8B). Interestingly, the significant photoinduced
repolarization of M2 macrophages to M1 was registered only in the tri-culture model. In all probability, an enrichment of
TME with fibroblasts enhanced the inflammatory signaling after PDT. Indeed, the fibroblasts can release pro-inflammatory
cytokines leading to several phenomena as an upregulation of CD80 and activation of immune cells.’> PDT-induced CD80
up-regulation is also influenced by the photosensitizer, its penetration and by different tumour microenvironment factors,
such as the number of macrophages.’®> While CAFs have been shown to play a major role in facilitating tumor progression
in different types of cancer, including HNSCC,*® numerous studies pointed out to the heterogeneity and complexity of
CAFs with either tumor-promoting or tumor-inhibiting properties.” TAMs is a predominant immune cell population in
TME with M2 macrophages being the principal subtype. Therefore, there is a pressing need to identify treatment modalities
that can induce the polarization of M2 to M1 macrophages. In this context, Foslip-mediated photoinduced modification of
macrophage phenotype repolarization represents a promising avenue for HNC management.

However, a more critical understanding of these issues is required. Rather than THP-1 cells, which skew to M1, U937
cells, which tend towards the M2 phenotype,*® can influence the final outcome. While PMA -treated U937 and THP-1
cells are a useful model to study TAM, it is still a simplified version of TAMs and may not fully replicate all features of
TME macrophages. In addition, to confirm the conclusion regarding the repolarization of photoinduced macrophages, it
would be beneficial to use a broader panel of M1 and M2 surface markers. In the future, it would be advantageous to
determine the levels of the secreted pro- and anti-inflammatory cytokines. While useful, this model is still a simplified
version of TAMs and may not fully replicate all features of TME macrophages.

Conclusion

In conclusion, we created a 3D model to study ex vivo tumor microenvironment, which integrates tumor cells with
cancer-associated fibroblasts and tumor-associated macrophages. Foslip-based PDT was applied to this microtumor
model and was effective in re-educating pro-tumor M2 macrophages in favor of tumor-killing M1 macrophages.
These findings open the way to new therapeutic strategies. The consequences of TAM repolarization could be an
activation of anti-tumor immunity via the production of pro- inflammtory cytokines; inhibition of tumor growth and

8,33,54

metastasis by increasing phagocytosis activity of macrophages and the development of nanoparticle-based strate-

gies for selective TAM targeting, thus reducing systemic toxicity.>
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