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1. Introduction

Colorectal cancer (CRC) is the third most common cancer 
and the third leading cause of cancer death among men and 
women [1], together with lung, prostate and breast cancer. 

In recent years, very important advances have been made 
in the field of treatment of this common disease in order to 
achieve the best results with low morbidity. Surgery is the 
primary treatment and results in a cure in approximately 
50% of patients [1]. Recurrence following surgery is a major 
problem and is often the ultimate cause of death. There are 
factors that clearly influence treatment outcome and these 
must therefore be taken into consideration. Recent studies 
have indicated that during the acquisition of genetic and 
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Abstract
Colorectal cancer (CRC) is the third most common cancer and the third leading cause of cancer 
death worldwide. Recurrence is a major problem and is often the ultimate cause of death. In 
this context, the tumor microenvironment influences tumor progression and is considered as a 
new essential feature that clearly impacts on treatment outcome, and must therefore be taken 
into consideration. Photodynamic therapy (PDT), oxygen, light and drug-dependent, is a novel 
treatment modality when CRC patients are inoperable. Tumor vasculature and parenchyma 
cells are both potential targets of PDT damage modulating tumor–stroma interactions. In 
biological activity assessment in photodynamic research, three-dimensional (3D) cultures are 
essential to integrate biomechanical, biochemical, and biophysical properties that better predict 
the outcome of oxygen- and drug-dependent medical therapies. Therefore, the objective of 
this study was to investigate the antitumor effect of methyl 5-aminolevulinic acid-PDT using 
a light emitting diode for the treatment of CRC cells in a scenario that mimics targeted tissue 
complexity, providing a potential bridge for the gap between 2D cultures and animal models. 
Since photodynamic intervention of the tumor microenvironment can effectively modulate the 
tumor–stroma interaction, it was proposed to characterize the endothelial response to CRC 
paracrine communication, if one of these two populations is photosensitized. In conclusion, we 
demonstrated that the dialogue between endothelial and tumor populations when subjected to 
lethal PDT conditions induces an increase in angiogenic phenotype, and we think that it should 
be carefully considered for the development of PDT therapeutic protocols.
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epigenetic alterations that underlie the inherent hallmarks 
of cancer, transformed cells interact synergistically with 
their surrounding microenvironment [2]. In this context, the 
tumor microenvironment (TME) influences tumor progres-
sion and is considered to be an essential new feature of neo-
plastic transformation [3, 4].

The TME is composed of malignant cells (parenchyma) 
surrounded by a tumor-conditioned stroma that contains 
extracellular matrix and a variety of nonmalignant popula-
tions, including fibroblasts, lymphocytes, and endothelial 
cells (ECs) that often support tumor growth and survival. 
Tumor-associated ECs assemble the tree-like tubular network 
of blood vessels that eventually permits the transport of nutri-
ents and oxygen to the TME. Tumor-derived growth factors 
and cytokines manipulate ECs moving toward their secreted 
stimuli, forcing them to invade and adapt to the TME [5]; the 
growth of blood vessels by the sprouting of new capillaries 
from pre-existing vessels is a process termed angiogenesis. 
Tumor neovascularization plays a critical role in CRC pro-
gression, and increased angiogenesis has been associated with 
poor prognosis and relapse of colorectal disease [6, 7].

Photodynamic therapy (PDT) is a novel treatment modal-
ity for patients who are not good candidates for an operation. 
PDT consists of systemic or topical administration of a pho-
tosensitizer (PS) or metabolic precursor, photoexcitation of 
the sensitizer by light in the visible wavelength (400–750 nm), 
and tumor cell death induced by the release of reactive oxy-
gen species (ROS) [8]. PDT provides better selectivity for the 
targeting of tumors compared to conventional chemo- and 
radiotherapy due to the preferential accumulation of PSs in 
tumors; the cytotoxic effect occurs only in the area exposed 
to light [8].

Additionally, PDT was proposed as a novel modulator of 
tumor–stroma interactions [5]. Tumor vasculature and paren-
chyma cells are both potential targets of PDT damage. Thus, 
tumor destruction could be achieved directly through tumor 
cell (TC) damage, or indirectly through microvascular dam-
age and the induction of vascular stasis [8].

Protoporphyrin IX (PpIX), synthesized from 5-aminole-
vulinic acid (ALA) in the mitochondria, is an intrinsic and 
safe PS [8, 9]. PpIX accumulates in several malignant tumors 
following 5-ALA administration. One of the main advan-
tages of ALA-PDT is that PpIX is cleared from the body 
within 24–48 h subsequent to systemic ALA administration. 
Furthermore, 5-ALA is an endogenous agent that is part of 
the regular diet. Therefore, ALA-PDT has the potential to 
avoid the risk of prolonged phototoxicity [9]. Chemical modi-
fication of the parent ALA molecule is aimed at improving 
the efficiency of ALA based PDT by increasing ALA deliv-
ery, enhancing PpIX accumulation and reducing side effects. 
Numerous ALA derivatives have been synthesized by vari-
ous groups worldwide. Lipophilic ALA derivatives, such as 
FDA approved methyl-ALA (Me-ALA), have been produced 
in the hope of enhancing tissue penetration, and all of these 
approaches lead to PpIX accumulation in the target cells sen-
sitizing them to photoinactivation [9].

Early biological-activity assessment in drug discovery has 
been traditionally based on two-dimensional (2D) cell cultures 

[10]. Tissue-specific architecture, together with cell–cell and 
cell–extracellular matrix (ECM) interactions, are reduced 
when cells grow on flat and adherent substrates. Three-
dimensional (3D) cultures are currently being developed as 
more advanced in vitro models for cellular organization in tis-
sues [11]. These milieus provide the third dimension, essen-
tial to integrate biomechanical, biochemical, and biophysical 
properties more similar to a natural microenvironment. In par-
ticular, a key advantage of 3D cultures in preclinical research 
is their capacity to recreate the molecular gradients that exist 
in living tissues for any soluble component, such as oxygen, 
nutrients, metabolites, and signaling molecules [10]. Hence, 
3D models mimic the hierarchical complexity of tissues more 
precisely than conventional monolayers. Therefore, the objec-
tive of this study was to investigate the antitumor effect of 
Me-ALA-PDT using LEDs for the treatment of CRC cells in 
a scenario that mimics targeted tissue complexity, providing a 
potential bridge for the gap between 2D cultures and animal 
models and, therefore, show that 3D better predicts the out-
come of oxygen- and drug-dependent medical therapies.

Since the photodynamic intervention of the TME can effec-
tively modulate the tumor–stroma interaction, it was proposed 
to characterize the endothelial response to CRC paracrine com-
munication, if one of these two populations is photosensitized. 
Specifically, it was demonstrated that proangiogenic pheno-
type of ECs is enriched when stimulated with parenchyma-
derived soluble factors, under lethal but not-sublethal PDT.

2. Materials and methods

2.1. Cell culture

Cell lines derived from primary human Duke’s B colorec-
tal tumors with different tumor grades were used: SW480, 
highly tumorigenic and invasive [12] and its more adherent 
clonal subline SW480-ADH [13], and the Caco-2 cell line, 
well-differentiated, less tumorigenic and invasive [14]. The 
human microvascular endothelial cell line HMEC [15] was 
also used. All were cultured according to ATCC indications 
at 37 °C 5% CO2 in high-glucose Dulbecco’s modified Eagles 
medium (DMEM, Gibco) supplemented with 10% or 20% v/v 
fetal bovine serum (Gibco) and 1% v/v antibiotic-antimycotic 
(PenicilinaG 10 μg ml−1, streptomycin 25 μg ml−1, amphoteri-
cin B, Gibco).

2.2. 3D cultures

Caco-2 spheroids were grown for 3 d using the liquid overlay 
technique by seeding 1000 cells onto non-adherent U-bottom 
tissue culture wells. SW480 spheroids were generated via 
the hanging drop method incorporating 20 000 cells per 30 μl 
of culture medium placed on the lid of a non-adhesive PBS-
containing Petri dish for 3 d [16].

2.3. PDT treatments

Monolayers and spheroids were subjected to PDT. Me-ALA 
(Sigma) was added and incubated for 4 h in a non-supplemented 
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medium. After that, cells were irradiated with different light 
doses at room temperature with a monochromatic light 
source (636 nm  ±  17 nm) using a MultiLED system (coher-
ent light). The fluence rate was 0.89 mWcm−2, as measured 
by Radiometer Laser Mate-Q. The drug solution was then 
removed and replaced with fresh medium.

2.4. Photocytotoxicity evaluation

After 24 h PDT-treatment, cell viability was evaluated by 
1-[4,5-dimethylthiazol-2-yl]-3,5-diphenylformazan (MTT) 
assay. The ability of viable cells to reduce MTT and convert 
it to non-water-soluble violet formazan crystals was deter-
mined spectrophotometrically using an ELISA reader plate 
(Thermo) at 540 nm after solubilization of the crystals with 
dimethylsulfoxide [17]. To determine the migratory capacity 
of spheroids, they were placed in Petri dishes immediately 
post-PDT and fixed with methanol 24 h after treatment. They 
were then stained with toluidine blue and photographed using 
a Nikon CoolPix 8400 digital camera attached to an inverted 
microscope Nikon Eclipse TS100.

2.5. Conditioned media generation

Conditioned media (CM) were obtained from CRC cells 
grown as monolayers or spheroids. Untreated or PDT-treated 
cells were serum starved for 24 h before collection of the CM. 
CM were harvested, clarified by centrifugation, and stored 
at −80 °C [18].

2.6. Endothelial cell proliferation assay

Untreated or PDT-treated HMEC cells (7   ×   104 cell ml−1) 
grown in multiwell-96 plates were starved with a serum-free 
medium for 4 h and then stimulated for 24 h with CM from 
tumor cells subjected or not to PDT. Cell viability was deter-
mined by an MTT assay. The percentage of proliferation was 
calculated using the following formula:
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2.7. Wound healing assay for endothelial migration

Previously starved-monolayers of confluent HMEC cells were 
wounded by scraping with a plastic pipette tip, rinsed twice 
with PBS to remove floating cells and then stimulated with 
CM from tumor cells subjected or not to PDT. Photographs 
were taken at time 0 and 24 h at the same location. The wound 
areas were quantified with Image Pro Plus software (version 
6.0.0.260). The wound decrease over time was taken as a mea-
sure of endothelial migration, using the following formula:
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wound area at 0 h wound area
at 24 h of HMEC stimulated
with PDT-treated tumor CM

wound area at 0 h  wound area
at 24 h of HMEC stimulated

with untreated-tumor CM

100.

2.8. Tube formation assay

Growth factor-reduced Matrigel® was thawed overnight 
at 4 °C on ice. After that, it was put on multiwell-96 plates, 
and left at 37 °C for 1 h to allow gelification. Starved HMEC 
(3  ×  105 cell ml−1) were seeded on Matrigel and incubated at 
37 °C and 5% CO2 in a humidified atmosphere with CM pre-
viously described. After 24 h, tubule formation was examined 

Figure 1. PDT inhibited Caco-2 and SW480 ADH viability. 
Exponentially growing Caco-2 (a) and SW480 ADH (b) cells were 
subjected to PDT. The cell viability was evaluated by an MTT assay 
and referred to non-irradiated cells in each treatment group. The 
curves were fitted using a non-linear regression equation (GraphPad 
Prism); n = 3. Treatment groups: • irradiated-only cells; ▪ 0.5 mM 
Me-ALA/PDT-treated cells; ▾ 1 mM Me-ALA/PDT-treated cells. 
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and digital images were obtained. The loops numbers were 
measured using a service provided by Wimasis online software.

2.9. Statistical analysis

Differences between groups were tested by 2-way analysis of 
variance with Bonferroni post-hoc tests using Infostat soft-
ware. All the results are expressed as mean + standard error 
(SE) of measurement, and P < 0.05 was considered statisti-
cally significant.

3. Results

3.1. Photodynamic therapy induces death in Caco-2 and 
SW480 ADH colorectal cancer cells grown as monolayers

The photochemosensivity of Caco-2 and SW480 ADH mono-
layers was examined in a conventional MTT assay (figure 1). 
Cell viability was not affected by light or Me-ALA alone, but 
when cells were exposed to the combination of 0.5 or 1 mM 
Me-ALA incubation followed by irradiation with light doses 
ranging from 0.5 to 5 J cm−2, decrease of tumor cells prolif-
eration was observed. The inhibitory effect of PDT was light 
dose-dependent for both cell lines. Fifty per cent inhibition 

(LD50, lethal dose 50) of viability was achieved at 0.5 mM & 
3.29  ±  0.02 J cm−2 and 1 mM & 1.92  ±  0.02 J cm−2 in Caco-2 
cells (figure 1(a)), whereas 0.5 mM & 2.79  ±  0.02 J cm−2 and 
1 mM & 3.03  ±   0.02 J cm−2 was needed to reach the LD50 
value in SW480 ADH cells (figure 1(b)).

3.2. Irradiation decreased volume and viability of colorectal 
spheroids sensitized with Me-ALA

Cellular responses to PDT are closely related to oxygen ten-
sion. In this sense, 3D cultures, but not monolayers, offer 
several advantages in PDT research since they have the 
capacity to modulate the oxygen and other nutrient gradients 
that exist in tissues [10]. Therefore, Caco-2 3D spheroids 
were developed and photosensitized with 0.5 mM Me-ALA 
& 4–7 J cm−2 ranging light (figure 2(a)). The effect of PDT 
on the dynamics of tumor spheroid growth was investigated. 
Caco-2 spheroid dimension after PDT was documented 24 h 
from treatment when spheroid cultures were stained with 
toluidine blue (figure 2(a)). Untreated spheroids had a mean 
volume of 71  ±  23  ×  106 µm3. The volume of spheroids did 
not change when spheroids were only irradiated. Me-ALA 
treatment by itself caused a slight but not significant reduc-
tion of Caco-2 spheroids (figures 2(a) and (b)), with a mean 

Figure 2. Inhibition of spheroid growth was achieved by PDT. Caco-2 spheroids were subjected to PDT. (a) Representative light 
microscopy images of toluidine blue-stained untreated, irradiated-only, Me-ALA only and PDT-treated spheroids; bar = 100 μm. 
(b) The diameter of each spheroid was measured using ImageJ software and volume calculated using the formula V = 4/3.π.r3, where 
r = 1/2.√d1.d2 (geometric mean radius). For each irradiation group, bars having letters in common are not statistically different from each 
other; n = 30. (c) The cell viability was evaluated by an MTT assay and referred to non-irradiated cells in each treatment group. The curves 
were fitted using a non-linear regression equation (GraphPad Prism); n = 3. Treatment groups: • irradiated only-cells; ▪ 0.5 mM Me-ALA/
PDT-treated cells.
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volume of 64  ±  14  ×  106  µm3. However, after PDT, spher-
oid mass was inhibited almost entirely, with the mean vol-
ume of spheroids after 24 h from 16.0  ±  8.0 µm3 (4 J cm−2) 
to 3.0   ±   2.0   ×   106 µm3 (7 J cm−2) (figure 2(b)). Maximal 
PDT-exposed spheroids had a 22.5-fold decrease in volume, 
so these data clearly demonstrated the growth-suppressing 
effect of PDT. This reduction in volume was due to cell 
death. Surprisingly, the Caco-2 spheroids showed 50% via-
bility (LD50) at 0.5 mM Me-ALA & 4.45  ±  0.03 J cm−2, 1.3-
fold more resistant than their 2D counterparts (figure 2(c)). 
As expected, treatment efficacy was proportional to light 
dose. Spheroids in all three control groups (untreated, 
Me-ALA only, irradiated-only) demonstrated similar growth 
throughout the 24 h observation period. A good correlation 
was found between the trypan blue assay and the MTT test 
(data not shown).

3.3. PDT-treated colorectal cells modulated endothelial 
proliferation, migration and structure-like tube formation

In a clinical situation, application of PDT leads to tumor cells 
deeply seated within the tumor mass receiving suboptimal 
light or drug doses. Additionally, it has been well documented 
that the biological response to PDT depends significantly on 
the dose applied [19–21]. We therefore decided to evaluate the 
impact of lethal and sublethal-PDT doses in colorectal cancer 
cells regarding endothelial-tumor crosstalk. In order to exam-
ine the effect of a lethal and sublethal photodynamic sched-
ule on EC stimulation, assays that involve conditioned media 
(paracrine response) were performed. Soluble ligands secreted 

by tumor cell cultures grown as spheroids (3D) or monolay-
ers (2D) subjected to lethal (30% tumor survival) or sublethal 
(80% tumor survival) PDT were collected. PDT, regardless 
of the scheme used, did not show any effect on EC prolif-
eration when the stimulus came from Caco-2, therefore this 
cell line was dismissed in further assays. On the other hand, a 
significant increase in endothelial proliferation was observed 
with stimulating factors derived from SW480 ADH, even 
when they were grown as monolayer. Lethal PDT induced 
significant increase in the proliferation percentage which cor-
responds to 1.7-fold compared to EC stimulated with soluble 
factors from untreated TCs (figure 3(a)). In addition, lethal 

Figure 3. PDT modulated EC behavior during angiogenesis. Exponentially growing HMEC endothelial cells were incubated with 
conditioned media derived from untreated, sublethal PDT-treated or lethal PDT-treated Caco-2 (2D and 3D) or SW480 ADH (2D) 
colorectal cancer cells. (a) The endothelial proliferation was evaluated by an MTT assay and referred to those stimulated with soluble 
factors of non-treated tumor cells. For each conditioned media group, bars having letters in common are not statistically different from 
each other; n = 3. (b) Representative light microscopy images of the endothelial scratch assay stimulated with SW480 ADH conditioned-
media at the start (0 h) and end (24 h) points. (c) The wound areas were quantified with Image Pro Plus software. The wound decrease 
over time was taken as a measure of endothelial migration, referring to those stimulated with soluble factors of non-treated tumor cells; 
n = 3. (d) Representative light microscopy images (top panel) of Matrigel tube formation assay were analyzed using a service provided by 
Wimasis software (bottom panel). (e) Loop numbers were quantified using the WimTube algorithm (Wimasis); n = 3. No PDT = untreated 
cells; Sublethal PDT = sublethal PDT-treated cells; Lethal PDT = lethal PDT-treated cells.

Figure 4. PDT inhibited endothelial viability. Exponentially 
growing HMEC endothelial cells were subjected to PDT. The cell 
viability was evaluated by the MTT assay and referred to non-
irradiated cells in each treatment group. The curves were fitted 
using a non-linear regression equation (GraphPad Prism); n = 3. 
Treatment groups: • irradiated only-cells; ▪ 0.5 mM Me-ALA/PDT-
treated cells; ▾ 1 mM Me-ALA/PDT-treated cells.
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PDT was able to stimulate EC migration 1.5-fold compared to 
untreated tumor cells (figures 3(b) and (c)). In order to evalu-
ate the effect of PDT on the morphological differentiation of 
ECs into capillary-like structures, an in vitro tube formation 
assay was performed (figure 3(d)). The result of PDT stimula-
tion showed that the number of vascular loops assisted by the 
lethal dose was 1.8 times higher compared to untreated cells, 
whereas the sublethal dose increased 1.4 times (figure 3(e)). 
Lethal PDT induced the greatest increase in interconnections 
between tubular structures of ECs.

3.4. PDT dramatically reduced HMEC endothelial 
cell viability

It has been acknowledged that targeting tumor vasculature by 
PDT proves to be a promising approach in cancer treatment. 
To further examine the effect of photodynamic intervention on 
vascular components of the TME, it was proposed to evaluate 
the HMEC endothelial cell response when subjected to treat-
ment conditions equivalent to those which the TCs were previ-
ously treated. Endothelial viability was not affected by light, 
0.5 or 1 mM Me-ALA alone (figure 4). Surprisingly, the ECs 
were shown to be more sensitive to photodynamic treatment 
compared to the TCs; the LD50 value was reached with only 
0.5 mM & 0.54  ±  0.02 J cm−2 and 1 mM & 0.47  ±  0.02 J cm−2.

3.5. Tumor paracrine stimulation promoted recovery of 
photosensitized endothelial cells

TCs have the ability to modulate the behavior of the endothelial 
population through paracrine secretion of soluble factors [5]. 
Therefore, it was investigated whether paracrine stimulation 
of colorectal SW480 cancer cells grown as a monolayer or 
as spheroids may influence the phototoxicity of PDT on the 
endothelial population. Proliferation of ECs subjected to 
PDT significantly increased in response to tumor stimulation 
regardless of tumoral architecture (figure 5(a)). The recov-
ery percentage of the ECs is defined as the proliferation rate 

of PDT-treated ECs stimulated with tumor derived-soluble 
factors divided by the proliferation rate of non-stimulated 
PDT-treated ECs. Surprisingly, paracrine tumor stimulation 
induced highly significant recovery of ECs photosensitized 
with lethal PDT. Endothelial proliferation increased by 36% 
and 43% under the stimulation of SW480 cells grown in 2D 
and 3D, respectively (figure 5(b)).

4. Discussion

PDT holds the potential to promote killing of colorectal tumors 
[22]. A full response with tumor-free biopsy was achieved after 
treatment; however, recurrence was later observed [23]. To 
enhance the therapeutic effect of PDT, a single approach of 
PDT that targets endothelial or tumor cells was examined here.

Multicellular spheroids may serve as important tools for 
investigating the performance of medicines because they share 
several properties with native tumors [24]. Several reports have 
demonstrated that 3D cultures are more resistant to PDT than 
2D cultures, using photophrin [25], HpD [26], hypericin [27], 
and mTHPC [28] as PSs. In the present study, we compared 
the 2D and 3D response to Me-ALA/PDT and demonstrated 
that cells grown as spheroids were considerably more resistant 
to PDT treatment relative to those cells grown as monolayers. 
Cell–cell contact-dependent signaling pathways, heterogene-
ous incorporation of drugs, and hypoxia are factors that may 
explain the resistance to therapeutic interventions in 3D cul-
tures [10]. In this case, we propose hypoxia as the main photo-
dynamic block because PDT is an oxygen-dependent therapy. 
SW480 ADH (but not Caco-2 tumor cells) that managed to 
escape from the lethal effects of irradiation displayed enhanced 
angiogenic potential. This suggests that the effect of PDT on 
mitogenic EC event depends on the degree of differentiation of 
sensitized tumor cells more than the culture mode employed.

As part of the PDT process, hypoxia is induced in tumors 
and this oxidative stress initiates a variety of responses that 
could potentially lead to neovascularization. In this context, 

Figure 5. Paracrine soluble factors stimulated endothelial recovery after PDT. Untreated, lethal and sublethal PDT-treated HMEC 
endothelial cells were stimulated with a non-supplemented medium or with conditioned media (CM) derived from untreated 2D and 3D 
cultures of SW480 colorectal cancer cells. (a) The endothelial proliferation was evaluated by the MTT assay and referred to untreated ECs 
exposed to the same tumor paracrine stimulus. For each CM group, bars having letters in common are not statistically different from each 
other; n = 3. (b) The recovery percentage of the ECs is calculated as the ratio between the proliferation of PDT-treated ECs stimulated with 
tumor derived-soluble factors and the proliferation rate of non-stimulated PDT-treated ECs. No PDT = untreated cells; Sublethal PDT = 
sublethal PDT-treated cells; Lethal PDT = lethal PDT-treated cells; Control = non-supplemented medium; SW480 2D = CM from SW480 
cells grown as monolayers; SW480 3D = CM from SW480 cells grown as spheroids.
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an increase in the expression of pro-angiogenic factors and 
cytokines post-PDT [29] has been reported, such as vascular 
endothelial growth factor [30], cyclooxygenase-2 [31], and 
matrix metalloproteinases [32]. Thus, the results from our 
studies prove that a high-dose irradiated tumor, which caused 
longer tumor growth delay, failed to produce promising PDT 
outcomes because this stimulates an unexpected increase in 
EC recruitment and proliferation necessary to conduct tumor 
recovery by revascularization. The angiogenic stimulus trig-
gered by soluble factors involves activation of multiple signal-
ing pathways in the ECs as shown with paracrine stimulation 
from macrophages [33], cancer breast cells [34], glioblastoma 
[35], and colorectal cancer cells [36]. In this study, we found 
proliferating EC after exposure to soluble factors from the 
PDT surviving tumor population, which were also able to lead 
migration and tube-like structures.

Recent studies have shown that stromal cells may have a 
strong influence on the responses of tumor cells to therapy 
[37]. In summary, our data suggest that tumors treated by 
lethal PDT play an important role in promoting angiogenesis. 
Thus, the presented modality has a potent antitumor effect but 
it would not be expected to achieve a clinical outcome. Based 
on the consideration of a tumor as a communicating ecosys-
tem [5], our findings reinforce the idea that tumor malignancy 
can be an emergent property of the crosstalk between the ECs 
and TCs.

On the other hand, ECs have several beneficial character-
istics when they are selected as PDT targets [5]. We were able 
to establish that they are more sensitive to PDT than tumor 
cells; however, despite these promising results, our data indi-
cated that there is a tendency for ECs to proliferate when they 
have been exposed to lethal PDT and then tumor stimulated. 
The reason for tumor-induced EC proliferation may be that 
the high PDT dose could deprive the cells of oxygen, and 
this hypoxic condition increases the expression of mitogenic 
receptors, which at the same time reinforces the EC autocrine 
proliferative signaling [38–40]. It is worth noting that ECs 
were more receptive to the tumor stimulus when they were 
treated with lethal PDT. Overall, the results from our studies 
proved that lethal PDT makes TCs better donors of angio-
genic soluble factors, whereas ECs became more reactive to 
those stimuli.

Overcoming the unfavorable consequences of PDT and at 
the same time maximizing its anti-tumor effects should be the 
goal of future therapeutic interventions that utilize chemoirra-
diation to control tumor progression. For this reason, we con-
sider that the hypoxic effects that PDT has on the TME and 
host tissues should be explored and taken into account when 
new therapeutic protocols are being designed. One strategy 
could be to divide the required dose of light in lethal PDT into 
smaller doses, separated and repeated over time to allow tis-
sue oxygenation, so that the genes regulated by hypoxia will 
not be activated. This is known as metronomic photodynamic 
therapy (mPDT) [41, 42]. Several studies using mTHPC, 
ALA and others have reported improvement of therapeutic 
results with light fractionation compared with single, acute 
treatments for both clinical and experimental cancers with 
primarily tumor responses [41]. Based on our evidence, in 

future we will introduce and establish the novel regimen of 
mePDT to perform a more successful PDT colorectal cancer 
clinical intervention.

Our results illustrate that the complexity of the TME and 
its heterogeneous response to photodynamic treatment with 
regard to the crosstalk between endothelial and colorectal can-
cer cells might also play a role in selecting which therapeutic 
protocol to apply.
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