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Abstract The study of cellular interactions in the tumor mi-
croenvironment has become one of the main areas of research
in the fight against cancer. Tumor-associated macrophages
(TAMs) influence tumor progression and therapy response
due to its functional plasticity. Regarding cancer treatment,
photodynamic therapy (PDT) is a minimally invasive and
clinically approved procedure that involves the administration
of a photosensitizer (PS), a nontoxic photosensitizing drug
which is selectively retained in neoplastic tissue. Here, we
investigated the role of resident and nonresident macrophages
in the context of a PDT-treated colorectal tumor by developing
a combination of 2-D and three-dimensional (3-D) experimen-
tal platform, recreating tumor-stroma interactions in vitro. En-
hancement of cytotoxicity of PDT was achieved in the pres-
ence of nonresident macrophages which had a strong anti-
tumor phenotype mediated by the production of nitric oxide,
IL-6, and tumor necrosis factor alpha (TNF-α). On the con-
trary, tumor resident macrophages induced a pro-tumor phe-
notype promoting tumor cell migration and endothelial

stimulation. Due to their plasticity, tumor-resident or tumor-
recruited macrophages can differentially influence the re-
sponse of tumors to PDT, so their multifactorial roles should
be considered in the overall design of anti-tumor therapeutic.
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Introduction

Interactions between neoplastic cells and their supporting stro-
ma, which constitute the tumor microenvironment (TME), are
an emerging hallmark of cancer [1]. It is now recognized that
resident and recruited normal cell types establish ecological
interactions (mutualism, predation, competition) with tumor,
each covering a defined role and interconnected by a complex
network of soluble mediators [2].

Tumor-associated macrophages (TAMs) are derived from
circulating nonresident monocytes or tissue-resident macro-
phages. TAMs play complex roles in carcinogenesis since
they possess either tumor-growth-promoting (M2 macro-
phages) or tumor-growth-inhibiting (M1 macrophages) capa-
bilities [3]. Tumor-stroma interaction determines the specific
phenotype of macrophages, reflected in their expression pro-
file and consequently their functional role [4, 5]. Nitric oxide
(NO) is a multifunctional gaseous molecule and a free radical
highly reactive, synthesized by the enzyme inducible nitric
oxide synthase (iNOS). Colorectal cancer belongs to tumors
characterized by an increased expression of the inducible iso-
form of iNOS [6, 7], which is strongly associated to the pres-
ence of macrophages. iNOS is expressed in response to pro-
inflammatory stimuli [8] and has been widely used as a mark-
er profile of M1 macrophages [9, 10]. In addition, infiltrating
M1 macrophages secrete high levels of pro-inflammatory cy-
tokines (e.g., tumor necrosis factor alpha (TNF-α), IL-1, IL-6,
IL-12, and IL-23) that can increase their killing activities.

Regarding cancer treatment, photodynamic therapy (PDT)
is a minimally invasive and clinically approved procedure that
involves the administration of a photosensitizer (PS), a non-
toxic photosensitizing drug which is selectively retained in
neoplastic tissue. When the PS is activated with light of a
specific wavelength, it induces a photochemical reaction that
selectively destroys tumor cells by three well-characterized
mechanisms: direct killing, tumor-associated vasculature dis-
ruption, and promotion of inflammatory reaction [11]. Proto-
porphyrin IX (PpIX), synthesized from 5-aminolevulinic acid
(ALA), is an endogenous and safe PS, which accumulates in
tumors following 5-ALA administration [12, 13]. Lipophilic
ALA derivatives, such as methyl-ALA (Me-ALA), recently
approved by FDA, have been produced in the hope of enhanc-
ing tissue penetration [12].

Although PDT could modulate polarization of macro-
phages toward M1 or M2 [14], its differential contribution to
various aspects of colorectal tumor biology on tissue-resident
and nonresident recruited macrophages remains to be
established. To elucidate the specific effect of photodynamic
intervention, different experimental platforms that remain the
heterogeneity of this population in colorectal tumor ecology
have been developed. Thus, to recreate the TME, an in vitro
three-dimensional (3-D) model, the multicellular tumor spher-
oid, is used [15]. Spheroids exhibit TME heterogeneity

comparable to in vivo tumors, in terms of oxygen, nutrient,
catabolite, and metabolite gradients, resulting in subpopula-
tions of proliferative and necrotic layers typical of nonvascular
microtumors [15]. In this work, we found that Me-ALA-based
PDT lethal regimen promoted both recovery and removal of
photosensitized tumor, according to the enrichment of colo-
rectal TME by tumor-resident or tumor-infiltrating macro-
phages, respectively.

Materials and methods

Cell culture

SW480 human colorectal adenocarcinoma, RAW264.7murine
macrophage, and human microendothelial cell (HMEC) line
were grown in complete medium Dulbecco’s modified Eagle’s
medium (DMEM) ( high glucose 1×, Gibco) supplemented
with 10 % fetal bovine serum (FBS) (PAA Laboratories), 1 %
glutamine (GlutaMAX™ 100× Gibco), 1 % antibiotic (penicil-
lin 10,000 units/mL-streptomycin 10,000 μg/mL Gibco), and
1 % of sodium pyruvate 100 mM (Gibco). Cells were main-
tained in 5 % CO2 and 95 % air at 37 °C in a humidified
incubator. SW480 cells constitutively expressing green fluores-
cent protein (GFP) (SW480-G) were generated by stable
transfecting them with pZsGreen1-N1 (Clontech) plasmid
using FuGENE® HD Transfection Reagent (Roche) according
to the manufacturer’s instructions. GFP+ cells together with the
neomycin resistance gene were selected in growth medium
supplemented with 2 mg/mL of active Geneticin (G418) (Life
Technologies). Individual colonies were isolated after 2–3
weeks of growth under selection using the cloning ring method
and subsequently expanded into clonal cell lines. Expression of
GFP was assessed under fluorescence microscope [16].

Three-dimensional cultures

Spheroids containing one (homotypic) or two types of cells
(heterotypic) were grown 3 days using liquid overlay tech-
nique by seeding 20,000 cells onto nonadherent U-bottom
tissue culture wells [17].

Spheroid morphology characterization

The morphology of the spheroids was assessed by fluores-
cence microscopy using a Nikon Eclipse Ti and with 5× ob-
jective. For nuclear staining (blue), spheroids were incubated
with Höechst dye (2 μg/mL, Sigma) in growth medium for
30 min at room temperature. SW480-G tumor cells constitu-
tively expressed GFP. Pictures were taken with a Nikon DS-
Qi1Mc using the Nis Element software. The size of the spher-
oids was analyzed using the calibration analysis tools of the
ImageJ software (1.46r version).

Tumor Biol.

Author's personal copy



Photodynamic treatment

Spheroids were incubated with Me-ALA (Sigma) in
growth medium without FBS for 24 h. After that, spher-
oids were irradiated with lethal light dose (0.7 J/cm2) at
room temperature with monochromatic light source
(636 nm±17 nm) using a Multi-LED system (coherent
light). The fluence rate was 0.89 mW/cm2, as measured
by Radiometer Laser Mate-Q. Drug solution was then
removed and replaced with fresh medium [18].

Conditioned media generation

After PDT treatment, spheroids in a ratio to 6×105 cells/mL
were washed, and then, serum was starved for 24 h. Then, the
conditioned media (CM) were harvested, clarified by centri-
fugation (10 min, 10,000 rpm), and stored at −80 °C [19].

Spheroid viability assay

Spheroid viability was evaluated by 1-[4,5-dimethylthiazol-2-
yl]-3,5-diphenylformazan (MTT) assay, which is reduced by
mitochondrial dehydrogenases of viable cells to nonwater-
soluble violet formazan crystals [20]. Twenty-four hours
post-PDT, 100-μLMTTsolution (5mg/mL in phosphate buff-
er saline (PBS)) was added per ten spheroids and incubated for
4 h. Then, dimethyl sulfoxide (DMSO) was added to lyse the
cells and solubilize the precipitated formazan product. Optical
density of the resulting solution of formazan salt was read at
540 nm using ELISA reader plate (Thermo Scientific,
Multiskan FC).

Analysis of apoptosis rate by Annexin V assay

Twenty-four hours after PDT, the percentage of apoptotic cells
was assessed using a standard flow cytometry Annexin V-
fluorescein isothiocyanate (FITC) binding assay (BD
Pharmingen) according to the manufacturer’s instructions.
Briefly, spheroids were disaggregated by trypsin digestion
and washed with PBS. The pellet was incubated on ice with
5 μg/mL Annexin V, 5 μg/mL propidium iodide (PI), and
binding buffer for 15 min in the dark. Annexin V and PI
fluorescence were measured using a FACSCanto II flow
cytometer (BD Biosciences). Early apoptotic cells are
Annexin V-positive and PI-negative (Annexin V-FITC+/
PI−), whereas late (end-stage) apoptotic cells are
Annexin V/PI-double-positive (Annexin V-FITC+/PI+).
Necrotic cells are Annexin V-negative and PI-positive
(Annexin V-FITC−/PI+) [21]. Data was analyzed using
FlowJo 10.0.7 software (Tree Star Inc, Ashland, USA).

Tumor spheroid growth and migration

To asses SW480-G tumor spheroid growth and migration,
fluorescence images were taken 24 h and 10 days after PDT.
Orthogonal diameters of the GFP+ areas and the surface cov-
ered by GFP+ migrating cells were quantified using ImageJ
software [22]. In order to calculate tumor growth, the diameter
for each spheroid 24 h post-treatment was subtracted to the
diameter measured 10 days post-treatment [18]. Tumor migra-
tion was calculated as the area of migrating cells from the
spheroid 10 days post-PDT [23].

Endothelial spheroid migration assay

In order to evaluate the paracrine effect of PDT on endothelial
migration, HMEC spheroids were plated on 35-mm plate. Once
adhered to the surface, the medium was replaced by specific
CM. Cellular migration from the spheroids was assessed 24 h
later under light microscopy. The number of migrating cells
from the spheroid was quantified using ImageJ software [23].

Endothelial proliferation assay

In order to evaluate the paracrine effect of PDT-treated TME on
endothelial proliferation, HMEC cells (7×104 cell/mL) grown in
multiwell 96 plates were starved with serum-free medium dur-
ing 4 h and then stimulated for 24 h with specific CM. Endo-
thelial cell proliferation was determined by MTT assay [18].

NO quantification

Nitric oxide (NO) levels in the CM were determined by the
Griess reaction. Briefly, 50 μL of CMwas added to 100 μL of
Griess reagent. The absorbance was read at 540 nm using
ELISA reader plate (Thermo Scientific, Multiskan FC) [24].
The concentration of NO was determined from the calibration
curve for the standards.

Arginase activity

Arginase activity was measured as previously reported [25].
Cell lysates were mixed with 10 mMMnCl2, and the enzyme
was activated by heating for 10 min at 56 °C. L-Arginine
hydrolysis was conducted by incubating 25 μL of the activat-
ed lysate with 25 μL of 0.5 ML-arginine, pH 9.7, at 37 °C for
60 min. The reaction was stopped using 400 μL H2SO4

(96 %)/H3PO4 (85 %)/H2O (1/3/7, v/v/v). The urea concentra-
tion was measured at 540 nm after addition of 40 μL of α-
isonitrosopropiophenone (dissolved in 100% ethanol) follow-
ed by heating at 95 °C for 30 min. A calibration curve was
prepared with increasing amounts of urea ranging from 1.5 to
30 μg. Arginase activity was expressed as nanomole of urea
metabolized per milligram of protein per minute.
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TNF-α and IL-6 ELISA

The pro-inflammatory cytokines IL-6 and TNF-α were quan-
tified using ELISAmouse IL-6 ELISAKit andMouse TNF-α
ELISA kit (BD), according to the manufacturer’s instructions.

Statistical analysis

Differences between groups were tested by two-way analysis
of variance with Bonferroni post hoc tests using Infostat soft-
ware. All the results are expressed as mean+standard error,
and P<0.05 was considered statistically significant. Refer-
ences of figures: *P<0.05; **P<0.01; ***P<0.001.

Results

Combination of 2-D and 3-D platforms of tumor
and stromal cells effectively mimics colorectal TME

In order to recapitulate some complexity of their in vivo coun-
terparts, an in vitro multicellular spheroid model was
established and constituted the initial platform to co-cultivate
tumor and stroma populations. Heterotypic spheroids were

composed by 25 % of RAW 264.7 macrophages and 75 %
of SW480-G colorectal cancer cells, which constitutively ex-
press GFP. This artificial colorectal TME remains the
macrophage-tumor proportion reported in biopsies from colo-
rectal cancer patients [26]. After nuclear staining, (blue)
homotypic spheroids (diameter 1021±46 μm) exhibited a
smaller and more compact spherical morphology than hetero-
typic ones (diameter 1245±43 μm) (P<0.01), which formed
more irregular and lax structures. Heterotypic spheroids
spontaneously organized into a tumor cell core GFP+
and a macrophage surface layer GFP− (Fig. 1a). More-
over, heterotypic spheroid lost their integrity because the
peripheral stromal layers disaggregated when they were
manipulated (Fig. S1).

Since it was not possible to form a stable, reproducible and
homogeneous 3-D heterotypic structure, TME was recapitu-
lated as follows (Fig. 1b):

1. Homotypic TME (homTME): 3-D structures composed
only by tumor cells.

2. Heterotypic TME with resident macrophages (hetTME/
Res): 3-D structures composed by tumor cells co-
cultivated with 2-D monolayer of macrophages and then
subjected to anti-tumor treatment.

Fig. 1 Colorectal tumor microenvironment model in vitro. a
Fluorescence microscopy images of homotypic (SW480-G) and
heterotypic (SW480-G+RAW 264.7) multicellular tumor spheroids. For
nuclear staining, spheroids were incubated with Hoechst dye (blue).
SW480-G tumor cells (green) constitutively expressed GFP. Bar=
100 μm. b Schematic 2-D and 3-D co-culture model which mimics the

interaction between tumors with resident and non-resident macrophages.
HÖ Hoechst, MФ macrophages, homTME homotypic tumor
microenvironment, hetTME/Res heterotypic tumor microenvironment
with resident macrophages, hetTME/NRes heterotypic tumor
microenvironment with non-resident macrophages
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3. Heterotypic TME with nonresident macrophages
(hetTME/NRes): 3-D structures composed by tumor cells
subjected to anti-tumor treatment and then co-cultivated
with 2-D monolayer of untreated macrophages.

Resident and nonresident macrophages have an impact
on the therapeutic efficiency of PDT on colorectal TME

To assess the therapeutic efficiency of photodynamic interven-
tion, homotypic and heterotypic TMEs were pre-incubated
with nontoxic Me-ALA (0.3 mM) during 24 h, to allow PpIX
formation (data not shown). Later, they were exposed to
monochromatic red radiation from light-emitting diode
(LED) with 0.7 J/cm2 (see Fig. 2S for experimental schedule).
Short-term cytotoxic response was evaluated 24 h post-PDT
using the MTTassay. PDT-treated TME viability significantly
diminished compared to untreated spheroids (P<0.001)
(Fig. 2a), and those layers found near the center of the spher-
oid were the most PDT-resistant (MTT+, dark) (Fig. 2b).
There was no significant difference in the viability between
PDT-treated homTME, hetTME/Res, and hetTME/NRes
(Fig. 2a). Modalities of cell death imposed by PDT were
approached by flow cytometry quantification of apoptotic
and necrotic cells. Cells were stained with Annexin V-FITC
and propidium iodide (PI) to measure phosphatidylserine ex-
posure and membrane permeability, respectively. Surprising-
ly, the percentage of early (Annexin V+/PI−) and late (Annexin
V+/PI+) apoptotic cells was significantly lower in PDT-treated
heterotypic spheroids than that in homotypic ones (P<0.05)
(Fig. 2c).

Long-term tumor survival was assayed by measuring tu-
mor layer (GFP+) spheroid diameter 24 h (diameter 0) and
10 days post-PDT (diameter 1). The surviving GFP+ cells
were located in the center of the spheroid and damaged GFP
− cells, which have lost the ability to express fluorescence
[27], and were found in the periphery (Fig. 2d), as previously
observed with the MTT assay (Fig. 2b). Tumor growth was
calculated by subtracting the diameter 0 for each spheroid to
the corresponding diameter 1. Photodynamic intervention sig-
nificantly suppressed growth of hetTME/Res (P<0.001) and

hetTME/NRes (P<0.01) (Fig. 2e).
To determine the effect of PDT on tumor cell motility,

migration of GFP+ tumor cells was analyzed using the spher-
oid migration assay. Cellular migration from the spheroid was
evaluated under fluorescence microscope 10 days post-treat-
ment. Interestingly, whereas PDT suppressed the migration of
tumor cells in homTME and hetTME/NRes compared to their
controls (P<0.001), tumor migration was significantly exac-
erbated in PDT-treated hetTME/Res (P<0.01) (Fig. 2f). These
results show that resident and nonresident macrophages have
similar roles in the modulation of pathways involved in tumor
survival and type of death, but only recruited macrophages

complement anti-tumor effect of photosensitization by sup-
pressing both tumor growth and migration.

Recruitment of endothelial cells is affected by the presence
of resident or nonresident macrophages
in the photosensitized TME

Angiogenesis, the growth of new capillaries from preexisting
blood vessels, is a complex process involving activation, mi-
gration, and proliferation of endothelial cells (ECs), and it is
considered a macrophage M2-polarization-related mark [28].
In order to examine the effect of PDT-treated TME on the
recruitment and activation of ECs, assays that involve soluble
ligands secreted by TME subjected to PDT (paracrine re-
sponse) were performed. Migration and proliferation of ECs
(HMEC) were analyzed using the spheroid migration and
MTT assay, respectively. Compared with untreated controls,
CM from PDT-treated homTME and hetTME/NRes significant-
ly decreased the number of migrating ECs (P<0.01 and
P<0.001, respectively). However, endothelial migration was
promoted by soluble factors derived from PDT-treated

hetTME/Res (P<0.05) (Fig. 3a, b). On the opposite, endothe-
l ial proliferat ion was only induced by CM from
photosensitized homTME and hetTME/NRes (P<0.01 and
P<0.05, respectively) (Fig. 3c). These results demonstrate that
PDT differentially modulated endothelial proliferation and
migration depending on the presence of resident or nonresi-
dent macrophages within colorectal TME.

PDT modulates resident and nonresident macrophage
polarization

Next, to characterize PDT-induced modulation of macrophage
polarization, we analyzed M1- and M2-specific molecular
profile. Despite the wide range of macrophage markers, it is
well known that NO production is a feature profile of M1
macrophages while arginase activity suggests aM2 phenotype
[28]. For this reason, they were used here as indicators of the
phenotypic profile of macrophages. CM and cellular protein
were collected from untreated or PDT-treated TMEs or mac-
rophages alone, 24 h and 10 days post-photosensitization, and
NO concentration and arginase activity were measured, re-
spectively. Firstly, it is important to note the impact of PDT
on macrophages alone, as at 10 days post-PDT, they exhibited
significantly increased arginase activity compared to untreated
control (P<0.05), suggesting that PDT induces M2 macro-
phage phenotype (Fig. 4a, b). However, when TME was ana-
lyzed, PDT-treated hetTME/NRes produced significantly more
NO (P<0.01) compared to control 10 days after treatment
(Fig. S1b), suggesting that a M1 profile was induced in non-
resident macrophages.

Additionally, differential cytokine production is a key fea-
ture of polarized macrophages [28]. Pro-inflammatory M1-
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related cytokines IL-6 and TNF-αwere quantified in the same
CM. Photodynamic intervention significantly upregulated

TNF-α secretion in hetTME/NRes 10 days post-treatment
(P<0.05) (Fig. S1c). Accordingly, hetTME/NRes produced

Fig. 2 Therapeut ic eff icacy of PDT on colorectal tumor
microenvironment. homTME, hetTME/Res, and hetTME/NRes were
incubated with Me-ALA (0.3 mM) for 24 h and then were exposed to
lethal irradiation (0.7 J/cm2). a Spheroid viability by MTT assay was
evaluated 24 h post-PDT and referred to non-treated conditions in each
treatment group. b Representative light microscopy images of MTT-
incubated, untreated, and PDT-treated spheroids 24 h after PDT. Viable
areas (MTT+) are dark as formazan salt. Bar=100 μm. c Type of cell
death was evaluated using Annexin V-FITC/PI staining by flow
cytometry 24 h post-PDT. Early apoptotic cells are Annexin V-positive
and PI-negative (Annexin V-FITC+/PI−), late (end-stage) apoptotic cells
are Annexin V/PI-double-positive (Annexin V-FITC+/PI+), and necrotic
cells are Annexin V-negative and PI-positive (Annexin V-FITC−/PI+). d

Representative bright field and fluorescence images of untreated or PDT-
treated colorectal tumor microenvironments. SW480-G tumor cells
(green) constitutively expressed GFP. Bar=100 μm. These pictures
were used to calculate tumor growth and tumor migration. White
borders surround tumor migrating areas. e Tumor growth was
calculated by subtracting the diameter of GFP+ area for each spheroid
10 h post-treatment to the corresponding diameter measured 24 h post-
treatment. f Tumor migration was calculated as the area of migrating cells
from the spheroid 10 days post-PDT. homTME homotypic tumor
microenvironment, hetTME/Res heterotypic tumor microenvironment
with resident macrophages, hetTME/NRes heterotypic tumor
microenvironment with non-resident macrophages, PDT photodynamic
therapy, PI propidium iodide
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more IL-6 when they were photosensitized compared to their
controls 10 days post-PDT (P<0.001) (Fig. S1d). These re-
sults are consistent with the data shown in Fig. 2 and suggest
that PDT could be involved in M1 polarization in recruited
macrophages of colorectal TME.

Discussion

The TME undergoes dramatic changes during cancer progres-
sion, involving stromal cells (fibroblast, ECs, macrophages,
and others), matrix composition, angiogenesis, and immune
response, which, in turn, can have significant effects on tumor
growth and dissemination [29].

One of the most abundant populations of tumor stroma is
composed by macrophages [30], commonly termed tumor-
associated macrophages (TAMs), which can be found in close
proximity or within tumor masses [31]. TAMs influence tu-
mor progression by modulating immune responses, angiogen-
esis, and migration of neoplastic cells through the production
of specific cytokines and growth factors. TAMs can adopt two
distinct phenotypes that meet antagonistic functions during
tumor development. M1 subpopulation shows a phagocytic
phenotype in response to interferon gamma (IFN-γ) and plays
a role in anti-tumor and pro-inflammatory functions by the

production of NO, IL-6, and TNF-α. Furthermore, M2 sub-
population is associated with a promotion of tumor growth by
cytokine production such as IL-10 and angiogenic factors
such as VEGF and FGF, among others [32].

Studies performed on clinical specimens have, to some
extent, confirmed pro-tumorigenic roles for macrophages, as-
sociated with poor prognosis in bladder, breast, prostate, cer-
vical cancers, glioma, and others. On the other hand, in colo-
rectal cancer, macrophages develop a strong anti-tumor pro-
inflammatory profile and are associated with good prognosis
[33].Moreover, low infiltration ofmacrophages tends to occur
with more advanced colorectal cancer [34, 35]. In addition,
increased macrophage infiltration with an M1 phenotype in
the front of the tumor is accompanied by a concomitant in-
crease in macrophages with M2 phenotype, correlated with a
better prognosis in patients with colorectal cancer (CRC) [10].

Advances in the knowledge of colorectal tumor biol-
ogy and new available therapeutic options have in-
creased the quality of life in CRC patients. Depending
on the stage and progression state of the disease, treat-
ment regimens for CRCs include the following:
colectomy, postoperative adjuvant chemotherapy, chemo-
therapy with multidrug therapy, newly designed mono-
clonal antibodies, and radiation therapy. Unfortunately,
several side effects are associated to these treatment

Fig. 3 Recruitment of endothelial cells by paracrine signaling from
photosensitized colorectal tumor microenvironment. a Representative
light microscopy of endothelial spheroid migration assay. HMEC
spheroids were stimulated with conditioned media derived from
untreated or PDT-treated homTME, hetTME/Res, and hetTME/NRes 24 h
post-PDT. b Endothelial migration was calculated as the number
of migrating cells from the spheroid. c HMEC monolayers were
stimulated with conditioned media derived from untreated or PDT-

treated homTME, hetTME/Res, and hetTME/NRes 24 h post-PDT. The
endothelial proliferation was evaluated by MTT assay and referred to
endothelial cells incubated to not supplemented growth medium.
homTME homotypic tumor microenvironment, hetTME/Res heterotypic
tumor microenvironment with resident macrophages, hetTME/NRes
heterotypic tumor microenvironment with nonresident macrophages,
PDT photodynamic therapy
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regimens, and moreover, they have not yet shown sig-
nificant efficacy in most instances [36].

One of the promising achievements in the field of CRC
treatment is the development of immunomodulatory regi-
mens. Several strategies are being investigated and are includ-
ed in ongoing clinical trials: peptides and whole-cell vaccines,
dendritic cell-based therapies, inhibition of immunoregula-
tion, nonspecific immunostimulation, and effector immune
cell-based therapy [37].

In this sense, the ideal cancer treatment should unify the
direct cytotoxic action on tumor cells with potent
immunostimulatory impact based on the recognition of mo-
lecular immunogenic determinants on dying cells by immune
effector cells. The ability of a cancer treatment to elicit

immunogenic cell death (ICD) is clinically relevant since it
is associated with an anti-cancer immune response that em-
phasizes the therapeutic effect of the therapy [38]. The PDT is
a novel anti-tumor modality certainly associated with the in-
duction of ICD in cancer cells [39]. PDT is a two-step proce-
dure involving the administration of a tumor-localizing PS and
its subsequent activation by light of specific wavelength.
Combination of PS, light, and oxygen promotes oxidative
stress commanded by reactive oxygen species (ROS), which
finally elicit cancerous cell obliteration [11]. Tumor eradica-
tion is also mediated by strong PDT-induced inflammatory
and immune reactions ending in the rapid recruitment of im-
mune cells to neoplastic sites. Several reports suggest the in-
filtration of lymphocytes, leukocytes, and macrophages into

Fig. 4 Arginase activity, NO
production, and TNF-α and IL-6
secretion by photosensitized
colorectal tumor
microenvironment. Conditioned
media and total protein extracts
were collected from untreated or
PDT-treated homTME, hetTME/
Res, and hetTME/NRes 24 h and
10 days post-treatment. a
Arginase activity was measured
in the total protein extract. One
unit of enzyme activity was
defined as nanomole of urea
metabolized per milligram of
protein per minute. b Nitric oxide
production was determined in the
conditioned media by the Griess
reaction. c, d The pro-
inflammatory cytokines IL-6 and
TNF-α were quantified using
ELISA mouse IL-6 ELISA Kit
and Mouse TNF-α ELISA kit in
the conditioned media. homTME
homotypic tumor
microenvironment, hetTME/Res
heterotypic tumor
microenvironment with resident
macrophages, hetTME/NRes
heterotypic tumor
microenvironment with
nonresident macrophages, PDT
photodynamic therapy, IL-6
interleukin-6, TNF-α tumor
necrosis factor alpha

Tumor Biol.

Author's personal copy



the photosensitized tissue activating an immune response that
consequently eliminates surviving cancer cells escaped to the
direct PDT effects [39].

In this context, macrophages are considered a double-
edged sword because they can play a role not only in the
critical events for the destruction of the tumor, but also in
events that promote tumor recurrence [40]. However, the cor-
relation of the presence of different lineage of macrophages in
colorectal TME with PDT outcome is still an open question.
Thus, the central hypothesis for this study was that PDT out-
come differs concomitantly with the heterogeneity of
macrophages.

To reflect more accurately the TME, 3-D culture sys-
tems were designed by growing aggregates of cells called
spheroids, which recapitulate portions of the in vivo envi-
ronment while retaining the benefits of traditional cell and
tissue culture. Due to their 3-D architecture, spheroids
mimic avascular tumor areas leading to the establishment
of diffusion gradients, reduced proliferation rates, and in-
creased drug resistance [15]. To represent properly the
TME, spheroids should include stromal populations. In

the present work, a 3-D co-culture model for CRC was
developed to evaluate interactions between macrophages
and tumor cells. By employing a GFP-stable transfected
CRC cell line into an in vivo-like heterotypic microenvi-
ronment, tumor cell phenotype was preserved and easily
discriminated from stromal cells (Fig. 1a).

The distribution of macrophages in malignant tumors
showed specific areas of accumulation, not distributed ran-
domly throughout the neoplasm. In the 3-D co-culture system
described here, tumor cells were grown as spheroids allowing
the contact to macrophages only at the surface of the spheroids
(Fig. 3). This resembles the situation in vivo, where TAMs
were found predominantly at the tumor-host interface [41].
Additionally, the effects of macrophages on tumor cells also
depend on the effector target ratio. The content ofmacrophages
within colorectal adenocarcinoma was described as ranging
between 19.6 and 28.2 % [42]. Therefore, it was employed
an effector target ratio of 25 % of macrophages and 75 % of
neoplastic cells in the artificial in vitro TME (Fig. 3).

Unfortunately, this heterotypic co-culture platform was not
able to be photosensitized because the spheroidal structure lost

Fig. 5 Schematic illustration of the behavior of photosensitized hetTME/
Res and hetTME/NRes on tumor growth and dissemination, angiogenesis,
and inflammatory response. PDT-treated hetTME/Res exhibited a long-
term diminution of tumor growth, but induction of tumor and endothelial
migration. Pro-inflammatory NO secretion was suppressed. PDT also
inhibited growth of hetTME/NRes along with tumor and endothelial
migration. The secretion of pro-inflammatory mediators nIL-6, TNF-α,

and NO) was increased in PDT-treated hetTME/NRes. homTME
homotypic tumor microenvironment, hetTME/Res heterotypic tumor
microenvironment with resident macrophages, hetTME/NRes heterotypic
tumor microenvironment with nonresident macrophages, PDT
photodynamic therapy, IL-6 interleukin-6, TNF-α tumor necrosis factor
alpha, NO nitric oxide
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integrity during the experimental manipulation (Fig. S1). Con-
sequently, tumor-stromal physical interaction was interrupted,
and consistent, reproducible, and reliable laboratory assays
were not able to be performed.

Bone-marrow-derived circulating monocytes give rise to
tissue-resident and inflammatory-recruited macrophages
throughout the body. Similarly, TAMs are derived from circu-
lating monocytes or tissue-resident macrophages, and it has
been reported that different phenotypes of macrophages have
distinct effects on colorectal tumor cells [43].

This heterogeneity among macrophage populations led to
the design of two heterotypic microenvironmental models
which perform the experimental platform here (Fig. 1b). In
the first place, heterotypic TME with resident macrophages
(hetTME/Res) allowed physical and paracrine interaction be-
tween tumor and stromal cells before PDT treatment, resem-
bling TAMs. On the other hand, in the heterotypic TME with
nonresident macrophages (hetTME/NRes), tumor spheroids
were subjected to PDT in the absence of macrophages. Thus,
macrophages into the hetTME/NRes represented tumor-
infiltrating immune cells recruited after treatment.

Therefore, the purpose of this study was to investigate the
response of the colorectal TME to photosensitization when it
is cohabitated by tumor-resident or tumor-infiltrating
macrophages.

Given the plasticity of TAMs, they play complex and crit-
ical role in the outcome of PDT of tumors [40]. Even when it
was not observed a significant difference in cell viability re-
duction between PDT-treated homTME, hetTME/Res, and

hetTME/NRes 24 h post-treatment (Fig. 2a), the presence of
macrophages influenced the apoptotic rate in photosensitized
TMEs. A decrease in Annexin V-positive signal in hetTME/
Res and hetTME/NRes after PDT (Fig. 2c), even when tumor
cells have died (Fig. 2a), suggests that macrophages might be
involved in the removal of phosphatidylserine (PS)-positive
dying cells. In apoptotic cells, the concentration of PS on the
outer leaflet of the lipid bilayer is estimated to increase only a
few hours after induction of apoptosis. The exposure of PS is
the most widely studied and universally detected Beat me^
signal. Eat me signals are recognized by phagocytic cells,
which engulf and remove them [44].

Long-term response to photodynamic treatment demon-
strated here that the presence of macrophages strongly
inhibited tumor growth (Fig. 2f). The ability of radial growth
of spheroids has been previously reported as a parameter to
describe the migratory behavior of the spheroid cells and can
be associated with a more metastatic phenotype [45, 46]. In
the present report, it was demonstrated that photodynamic
intervention suppressed the migration of tumor cells in

hetTME/NRes, but it was exacerbated in PDT-treated

hetTME/Res.
Consistent with the present results, others have reported

that the response to PDTon TAMs may result in the complete

regression of tumor [47] or its recurrence post-PDT by stim-
ulation of angiogenesis [48]. Migration of ECs is one the most
important events required to initiate the formation of new
blood vessels [49]. In the present work, promotion of tumor
cell migration in photosensitized hetTME/Res (Fig. 2f) was
associated with an induction of endothelial migration
(Fig. 3a, b). In addition, PDT suppressed the secretion of
pro-inflammatory NO in hetTME/Res (Fig. 4b). Given that
M2 macrophage influences an anti-inflammatory, pro-angio-
genic, and pro-tumorigenic properties, these data suggest that
macrophages in PDT-treated hetTME/Res closely resemble the
M2-polarized macrophages, critical modulators of the promo-
tion of TME.

Strong induction of TNF-α and IL-6 by PDT has been
associated with anti-tumor immune response [50]. Here, we
demonstrated that after photodynamic intervention of hetTME/
NRes, tumor growth is highly and significantly inhibited
(Fig. 2e). This condition also suppressed tumor migration
(Fig. 2f). This fact can be explained, at least in part, by an
increase in pro-inflammatory mediators, such as IL-6, TNF-α,
and NO (Fig. 4b, c, e). As M1 macrophage is involved in the
inflammatory response and anti-tumor immunity, it is sug-
gested that M1 polarization is promoted in hetTME/NRes by
PDT. This is consistent with that observed in several in vitro
and in vivo studies suggesting that a suppression of simulative
effect on macrophage activity in tumor growth will be im-
paired at higher PDT doses. Figure 5 schematically illustrates
the behavior of photosensitized hetTME/Res and hetTME/
NRes on tumor growth and dissemination, angiogenesis, and
inflammatory response.

In conclusion, macrophages are of critical importance to
the response of tumors to PDT, due to their multifactorial role
in key tumor-promoting or tumor-suppressing processes. It
would be extremely successful the development of a therapeu-
tic strategywhich amplifies macrophage activity, by designing
PDT treatment that selectively kills residentM2 TAMs replac-
ing them with newly invaded M1 macrophages.
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