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ABSTRACT

DE FARIA, C. Photobiomodulation effects and applications in oncology. 2021.
76p. Thesis (Doctor in Science) - Instituto de Fisica de Sdo Carlos, Universidade de Sao
Paulo, Sao Carlos, 2021.

Photobiomodulation therapy employs light with low energy densities to treat several con-
ditions, from wounds to neural diseases. The molecular basis of its effects is being unveiled,
but it is stated that the cytochrome-c oxidase enzyme in mitochondria, a photon acceptor
of PBMT, contributes to an increase in ATP production and modulates the reduction and
oxidation of electron carriers NADH and FAD. Since its effects are not fully understood,
PBMT is not used on tumors. Thus, it is interesting to investigate if its effects corre-
late to mitochondrial metabolism. This study indicates that PBMT decreases the redox
state of oral cancer by possibly increasing glycolysis and affects normal and tumor cells
through distinct pathways. Additionally, since the combination of metabolic modifications
and photodynamic therapy is very attractive, the current study investigates the effects
of near-infrared PBMT combined with porphyrin-based photodynamic therapy (PDT) in
squamous cell carcinoma cell lines SCC-25 and SCC-4. PBMT enhanced PDT action in
SCC-25 cells by increasing photosensitizer (PS) uptake and production of reactive oxygen
species (ROS), while the equivalent was not seen in SCC-4 cells compared to the PDT
only group. Finally, since the most successful PBMT application is in the prevention and
reduction of morbidities in radiotherapy patients, such as oral mucositis, we have investi-
gated its potential in sensitizing tumors to radiation. Here, we demonstrate its potential
for skin cancer treatment using a 780-nm light source and an X-ray irradiator by showing
increased DNA damage and death in cells and a 30% increase in median survival in mice.
Our results indicate that the mechanism underlying these results is likely to be the mod-
ulation of the cell cycle and angiogenesis, causing an increase in necrosis when combined
with radiation. Therefore, we believe the combination of PBMT and other oncological
modalities is worth exploring, for its benefit-cost ratio and simple protocols, along with

the possibility of improvement in treatment results.

Keywords: Photobiomodulation therapy. Radiotherapy. Photodynamic therapy. Oncol-
ogy.






RESUMO

DE FARIA, C. Efeitos e aplicagées da fotobiomodulagao na oncologia. 2021.
76p. Tese (Doutor em Ciéncias) - Instituto de Fisica de Sao Carlos, Universidade de Sao
Paulo, Sao Carlos, 2021.

A terapia de fotobiomodulacao emprega luz com baixa densidade de energia para tratar
diversas condigoes, desde feridas até doencas neurais. A base molecular de seus efeitos
esta sendo desvendada, mas afirma-se que a enzima citocromo-c oxidase na mitocondria,
aceptora de fétons da PBMT, contribui para o aumento da producao de ATP e mod-
ula a redugao e oxidagdo dos portadores de elétrons NADH e FAD. Uma vez que seus
efeitos nao sao totalmente compreendidos, a PBMT nao é usado em tumores. Assim, é
interessante investigar se seus efeitos se correlacionam com o metabolismo mitocondrial.
Este estudo indica que a PBMT diminui o estado redox do cancer oral, possivelmente
aumentando a glicolise, e afeta as células normais e tumorais por meio de vias distintas.
Além disso, uma vez que a combinacao de modificagbes metabdlicas e terapia fotod-
inamica é muito atraente, o presente estudo investiga os efeitos da PBMT combinada
a terapia fotodindmica (PDT) usando porfirina em linhagens celulares de carcinoma de
células escamosas SCC-25 e SCC-4. A PBMT aumentou a a¢ao da PDT em células SCC-
25 aumentando a captacao do fotossensibilizador (PS) e a producao de espécies reativas
de oxigénio (ROS), enquanto o equivalente nao foi visto nas células SCC-4 em compara-
¢ao com o grupo somente PDT. Finalmente, uma vez que a aplicacaio de PBMT mais
bem-sucedida é na prevencao e reducao de morbidades em pacientes com radioterapia,
como a mucosite oral, investigamos seu efeito para sensibilizar tumores a radiacdo. Aqui,
demonstramos seu potencial para o tratamento do cancer de pele usando uma fonte de luz
de 780 nm e um irradiador de raios-X, mostrando aumento de danos ao DNA e morte em
células e um aumento de 30 % na sobrevida média em camundongos. Nossos resultados
indicam que o mecanismo subjacente a esses resultados é provavelmente a modulagao do
ciclo celular e a angiogénese, causando um aumento da necrose quando combinada com
a radiacao. Em sintese, acreditamos que vale a pena explorar a combinacao do PBMT
com outras modalidades oncoldgicas, por sua relagao custo-beneficio e protocolos simples,

além da possibilidade de melhora nos resultados do tratamento.

Palavras-chave: Terapia de fotobiomodulacao. Radioterapia. Terapia fotodinamica. On-

cologia.
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1 INTRODUCTION

1.1 Photobiomodulation Therapy

Light stimulation, in relatively low fluences, has been used in clinical practice for
more than fifty years. It has been previously known as low-level laser (or light) therapy
(LLLT), low-intensity laser therapy, low-power laser therapy, cold laser, soft laser, and
photobiostimulation. The nomenclature changed to remove the ambiguity of the words
“low” and “level”, since the first is not accurately definable and the latter is no longer
appropriate, as other types of light devices are also used. (1) A nomenclature consensus
was achieved in a joint conference of the North American Association for Light Therapy
(NAALT) and the World Association for Laser Therapy (WALT) in 2014 and “Photo-
biomodulation Therapy” was chosen. Since then, a more comprehensive definition for the
term has been suggested as “a form of light therapy that utilizes non-ionizing forms of
light sources, including lasers, LEDs, and broadband light, in the visible and infrared
spectrum. It is a nonthermal process involving endogenous chromophores eliciting photo-
physical (i.e., linear and nonlinear) and photochemical events at various biological scales.
This process results in beneficial therapeutic outcomes including but not limited to the
alleviation of pain or inflammation, immunomodulation, and pro-motion of wound healing
and tissue regeneration”. (2) Its main effects are: increased intracellular concentration of
(adenosine triphosphate) ATP, calcium ions (Ca2 +), nitric oxide (NO) and production of
reactive oxygen species (ROSs) by the mitochondria, as a superoxide anion radical (O2-
). As a consequence, activation of pro-survival mechanisms, protein synthesis, migra-
tion, vasodilation and several other metabolic changes are observed. (3) Several evidence
support the hypothesis that the enzyme citocrom ¢ oxidase (COX) is the primary acceptor
of light in PBM. (4) The retrograde mithocondrial signaling suggests that after photon
absorption by COX, the mithocondrial membrane potential is altered resulting in changes
in the metabolic basal rate resulting in ROS, NO, Ca2+4 and ATP synthesis modulation,
given the increase in protons in the intermembranes space. Other action sites of PBM
are the light sensitive ion channels, which depolarize the membrane when activated, and
the excitation of transcription factors, which modulate the expression of several genes
regulatin inflammatory response, proliferation and stress response. (5) Some of them are
mentioned and further explained in the text. One of the reasons for general resistance to
PBMT is the lack of protocol standardization: wavelengths vary from 600 to 1000 nm,
fluences from 1 to 1000 J/cm?, and the intervals for irradiance are also wide. Because
PBMT is dependent on light absorption under specific conditions, as it must match the
chromophore excitation wavelength, this variation causes significant differences in results

among studies. (6) Additionally, PBM follows a biphasic dose-response according to the
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Arndt-Schulz law, meaning that at a specific interval cell activation is proportional to the
energy of light, and after the peak, the increase in this stimulus results in the absence of
response or an inhibitory one. (7) Therefore, at high or low fluences, it is observed none
of the expected effects or the occurrence of others, sometimes undesirable (Figure 1). The
tricky part is that the definition of the PBM action interval, defining the limits of low or
high fluences, depends on the combination of wavelength and excitation intensity and the
cell line. (8)
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Figure 1 — Generic Arndt-Schulz curve (left) and experimental curve of the experimental
curve of the percentage of dividing fibroblasts as a function of light intensity.

Source: SOMMER, A. P. et al. (9)

Thus, the determination of the lighting parameters is fundamental in PBMT.
The fluence delivered usually ranges from 0.04 to 50 J/cm?, with irradiance between
5 mW/cm? - 300 mW /cm?, in the region of 600-700 nm and 780-1100 nm, depend-
ing on the application. In 2010, the World Association for Photobiomodulation pub-
lished recommended guidelines regarding illumination parameters (10), which is shown
in Figures 2 and 3. LEDs and lasers are used as continuous and pulsed light sources.
However, it is not yet fully understood whether there are benefits of the laser due to

its coherence and monochromatic nature in all photobiomodulation applications. (5)
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WALT

Recommended treatment doses for Low Level Laser Therapy

Laser class 3B, 904 nm GaAs Lasers
(Peak pulse output =1 Watt, mean output =5 mW and power density = SmW/em2)
Irradiation times should range between 30 and 600 seconds

_Diagnoses Min. area/points  Min. total dose

Carpal-tunnel 2-3 4 Minimum 2 Joules per point
Lateral epicondylitis 2-3 2 Maximum 100mW/em2
Biceps humeri

cap.long. 2-3 2

Supraspinatus 2-3 4 Minimum 2 Joules per point
Infraspinatus 2-3 4 Minimum 2 Joules per point
Trochanter major 2-3 2

Patellartendon 2-3 2

Tract, lliotibialis 2-3 2 Maxirmum 100mW/icm2
Achilles tendon 2-3 2 Maximum 100mWicm2
Plantar fasciitis 2-3 4 Minimum 2 Joules per point
Arthritis | Points orcmz | Joules 904nm

Finger PIF or MCP 1-2 1

Wirist 2-3 2

Humeroradial joint 2-3 2

Elbow 2-3 2

Glenohumeral joint 2-3 2 Minimum 1 Joules per point
Acromioclavicular 2-3 2

Temporomandibular 2-3 2

Cervical spine 4 4 Minimurm 1 Joules per point
Lumbar spine 4 4 Minimum 1 Joules per point
Hip 2 4 Minimum 2 Joules per point
Knee anteromedial 4-6 4 Minmum 1 Joules per point
Ankle 2-4 2

Daily treatment for 2 weeks or treatment every other day for 3-4 weeks is recommended
Irradiation should cover most of the pathological tissue in the tendon/synovia.

Start with energy dose in table, then reduce by 30% when inflammation is under control
Therapeutic dose windows typically range from +/- 50% of given values, and doses outside
these windows are inappropriate and should not be considered as Low Level Laser Therapy.
Recommended doses are for white/caucasian skin types based on results from clinical trials or
extrapolation of study results with similar pathology and ultrasonographic tissue measurements.

Disclaimer
The list may be subject to change at any time when more research trials are being published,
World Association of Laser Therapy is not responsible for the application of laser therapy in
patients, which should be performed at the sole discretion and responsibility of the therapist.
Revised April 2010

Figure 2 — WALT recommended guidelines for 904 nm PBMT dosage

Source: WORLD ASSOCIATION OF PHOTOBIOMODULATION THERAPY (10)
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WALT

Recommended treatment doses for Low Level Laser Therapy
Laser class 3 B, 780 - 860nm GaAlAs Lasers. Continuous or pulsed, mean output: 5 - S00mwW
Irradiation times should range between 20 and 300 seconds

Diagnoses

Tendinopathies Paoints or cmz2 Joules T80 - 820nm | Notes

Carpal-unnel 2-3 8 Minimum 4 Joules per paint
Lateral epicondylitis 1-2 4 Maximum 100mW/em2
Biceps humeri c.l. 12 [+

Supraspinatus 2-3 8 Minimum 4 Joules per point
Infraspinatus 2-3 8 Minimum 4 Joules per paint
Trochanter major 24 8

Patellartendon 23 8

Tract. lliotibialis 1-2 4 Maximum 100mWem2
Achilles tendon 2-3 & Maximum 100mW/em2
Plantar fasciitis 2-3 [+ Minimum 4 Joules per point
Arthritis Points or cm2 Joules

Finger PIP or MCP 12 4

Wrist 24 8

Humeroradial joint 1-2 4

Elbow 24 8

Glenchumeral joint 24 8 Minimum 4 Joules per point
Acromioclavicular 1-2 4

Temporomandibular 1-2 4

Cervical spine 4-12 16 Minimum 4 Joules per paint
Lumbar spine 4-8 16 Minimum 4 Joules per point
Hip 24 12 Minimum & Joules per point
Knee medial 36 12 Minimum 4 Joules per paint
Ankle 2-4 8

Daily treatment for 2 weeks or treatment every other day for 3-4 weeks is recommended
Irradiation should cover most of the pathological issue in the tendonfsynovia.

Start with energy dose in table, then reduce by 30% when inflammation is under control
Therapeutic dose windows typically range from +/- 50% of given values, and doses outside
these windows are inappropriate and should not be considerad as Low Level Laser Therapy.
Recommended doses are for white/caucasian skin types based on results from clinical trials or
extrapolation of study results with similar pathology and ultrasonographic tissue measurements.

Disclaimer
The list may be subject to change at any time when more research trials are being published.
World Association of Laser Therapy is not responsible for the application of laser therapy in

patients, which should be performed at the sole discration and responsibility of the therapist,
Revised April 2010

Figure 3 — WALT recommended guidelines for 780-860 nm PBMT dosage.
Source: WORLD ASSOCTATION OF PHOTOBIOMODULATION THERAPY (10)

1.2 PBMT and Cancer

As previously stated, current photobiomodulation therapy applications vary from

musculoskeletal disorders and osteoarthritis to Alzheimer’s disease. (11,12) One of its
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most prominent uses is in supportive cancer care for patients undergoing chemotherapy
and radiation therapy to prevent and reduce morbidities in normal tissue, such as oral
mucositis and radiodermatitis. (13-17) PBMT, following recommended guidelines, is con-
sidered safe in normal tissue applications. (18) but its use in oncology is still restrict due
to the medical community concern regarding the effects of illuminating tumors. In normal
tissue, especially in wound healing, its cascade of events may lead to increased prolifer-
ation. (5) Due to that, efforts have been made to determine whether it increases tumor
volume and metastatic potential in cancer and determine its safety in tumors. Several in
vitro studies demonstrated inhibitory effects of PBM. Sroka et al. studied the mitosis rate
of different human cell lines after illumination (410, 488, 630, 635, 640, 805, and 1,064 nm
and broad band white light). (19) A slight decrease in the mitosis rate of the cancer cell
lines MCF7, U373MG, and ZMK1 was observed with the increase in the irradiation energy
for all wavelengths. Nevertheless the urothelial carcinoma cells (J82) presented a slight
increase at 410, 635 and 805 nm at fluences 2-20 J/cm?. Schartinger et al. investigated the
effect of PBM (660 nm) on human SCC-25 cells (oral squamous cell carcinoma) in com-
parison with human normal cells in regard to cell proliferation, cell cycle and apoptosis.
(20) They revealed that PBM significantly decreased cell proliferation and the percentage
of Gl-phase cells and significantly increased the percentage of S-phase cells when com-
pared to controls. Moreover, a proapoptotic effect was observed on SCC25 after PBM.
Takemoto et al. studied the effect of LED-based PBM with different energy densities (3,
6,9,12, 24, 36 J/cm?, 660 nm) on the progression of malignant invasion of human SCC
cell lines (CAL27) seeded over normal stromal of gingival fibroblasts. (21) They found
that after 72h of treatment (36 J/cm?), PBM inhibited the expansion of CAL27 colonies
and observed a general advantage of the stromal fibroblasts over cancer cells regarding
cell viability, apoptosis, and death assays. In the study of Shirazian et al. on the effects of
PBM on the proliferation and invasion of SCC cells originated from the tongue (TSCC-1),
authors reported that illumination (660 nm with 80 mW and 810 nm with 200 mW) at 4
J/em? can have an inhibitory effect on the proliferation of OSCC. (22) Additionally, 810
nm groups (100 and 200 mW), presented higher percentages of cyclin D1 and MMP-9, and
a significant decrease in VEGF marker at the power of 200 mW. Cyclin D1 is a cell cycle
protein that regulates the transition from phase G1 to phase S while MMP-9 increase
is associated with tumor aggressiveness, poor differentiation, proliferation, invasion, and
metastasis. With 660 nm (40 and 80 mW), higher levels of E-cadherin and -catenin were
observed. These markers are present in the cell membrane and are among the molecules
that influence cell adhesion and migration, their increase means cell adhesion strengthen-
ing which has a negative impact on the migration of malignant cells. No differences were
observed among groups for the Ki67 marker, which is an antigen that indicated increase
in cell proliferation since it is expression with cell cycle progression. On the other hand,

the study of Sperandio et al. suggests opposite effects using 660 nm and 780 nm (40 mW,
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and fluences of 2.05, 3.07, or 6.15 J/cm? for each) regarding the aggressiveness of oral dys-
plastic cells (DOK) and oral cancer cells (SCC9 and SCC25). Protein analysis by Western
blot and immunofluorescence revealed that PBM significantly modified the expression of
progression- and invasion-related proteins by modulating the Akt/mTOR/CyclinD1 sig-
naling pathway. Gomes Henriques et al. also studied the effect of PBM on the protein
expression analysis of human SCC of the tongue (SCC25) using a 660 nm laser with two
energy densities (0.5 and 1.0 J/cm?). They observed similar results, where 1.0 J/cm?-
PBM resulted in a significant increase in the expressionof cyclin D1 and nuclear-catenin,
and promotion of invasion through the reduction o fE-cadherin and induction of MMP-9
expression. Other study have demonstrated 660 nm-PBM undesirable outcomes and stim-
ulating effect on the proliferation of malignant cells, as well, with 150 and 1050 J/cm? in
melanoma cells (B16F10) in vivo and in vitro. (23) The authors observed did not observe
significant difference among groups, except for a stimulatory effect of PBM in vivo with
1050 J/cm? resulting in an increase in tumor volume, blood vessels, and cell abnormali-
ties. Nevertheless, the fluences used are much higher than the recommended for the usual
recommendations of photobiomodulation therapy. (10) There is a controversy in PBMT
results in vivo, as well. Myakishev-Rempel et al. studied the effects of full body PBMT in
a protocol of 2.5 J/cm? at 670 nm, twice daily for 37 days, in SKH mouse non-melanoma,
UV-induced skin cancer. (24) Photographic measurements did not reveal a significant ef-
fect of PBMT on tumor growth. Ottaviani et al. investigated three protocols of PBMT
(660, 800 and 900 nm) on cultured cells and on oral carcinogenic-induced tumor models
in mice using 4-NQO. (25) They observed a reduction of tumor progression associated
with the secretion of type I interferons from T-lymphocytes and dendritic cells, as well as
a decrease in the tumoral angiogenic macrophages with vessel normalization promotion.
In contrast, de C Monteiro et al. observed a significant progression of the severity of oral
carcinogenic-induced tumors in a protocol of 660 nm PBMT (56.4J/cm?) on a hamster
model. (26) Moreover, Rhee et al. reported an increase in the aggressiveness of ortho-
topic anaplastic thyroid tumors with a single dose of PBMT (650 nm, 15 and 30 J/cm?).
(27) The authors assessed tumor volume, histology, over proliferated cancer cells, p-Akt,
VEGF, and transforming growth factor 1 (TGF-1). They found that PBM caused an
elevation of HIF-1 and p-Akt, and a decrease in TGF-1 expression that led to loss of cell
cycle regulation. It was concluded that these effects may cause an over-proliferation and
angiogenesis of cancer cells and PBM may cause aggressiveness of cancer through TGF-1
and Akt/HIF-1 cascades. There are some reviews on the subject of PBMT in cancer that
have reported the inconsistency of results presented here. (6,28-31) Their conclusions are
that the conflicting results of in vitro studies on a diverse range of cell lines may be due
to the diversity of illumination parameters used. They also observe that in vivo studies
and clinical trials present indications that PBMT is safe for tumor growth. In the light
of that, it is clear the importance of investigating the effects of PBMT, since it has the
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potential of enhancing cancer treatment by reducing adverse side effects and, in some
conditions, it also seems to sensitize tumor cells to the treatment. Therefore, this study
investigates the effects of PBMT on carcinoma cells, in comparison to a normal cell line,

and its potential to enhance photodynamic therapy and radiotherapy.
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Abstract: Photobiomodulation therapy (PBMT) uses light to stimulate cells. The molecular
basis of the effects of PBMT is being unveiled, but it is stated that the cytochrome-c oxidase
enzyme in mitochondria, a photon acceptor of PBMT, contributes to an increase in ATP production
and modulates the reduction and oxidation of electron carriers NADH and FAD. Since its effects
are not fully understood, PBMT is not used on tumors. Thus, it is interesting to investigate if
its effects correlate to mitochondrial metabolism and if so, how it could be linked to the optical
redox ratio (ORR), defined as the ratio of FAD/(NADH + FAD) fluorescences. To that end,
fibroblasts (HDFn cell line) and oral squamous cell carcinoma (SCC-25 cell line) were irradiated
with a light source of 780 nm and a total dose of 5 J/cm?, and imaged by optical microscopy.
PBMT down-regulated the SCC-25 ORR by 10%. Furthermore, PBMT led to an increase in
ROS and ATP production in carcinoma cells after 4 h, while fibroblasts only had a modest ATP
increase 6 h after irradiation. Cell lines did not show distinct cell cycle profiles, as both had an
increase in G2/M cells. This study indicates that PBMT decreases the redox state of oral cancer
by possibly increasing glycolysis and affects normal and tumor cells through distinct pathways.
To our knowledge, this is the first study that investigated the effects of PBMT on mitochondrial
metabolism from the initiation of the cascade to DNA replication. This is an essential step in the
investigation of the mechanism of action of PBMT in an effort to avoid misinterpretations of a
variety of combined protocols.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Photobiomodulation therapy (PBMT) has been used for decades for wound healing, tissue
regeneration, analgesia, inflammation reduction, osteoarthritis, reducing edema on lymph nodes,
and muscle relaxation, among others [1,2]. However, itis a developing field which results in partial
acceptance and recognition from authorities in biomedical science, professionals and scholarly
journals [3]. It encompasses a variety of reactions caused by non-ionizing and non-thermal
light absorption in tissues and cells, resulting in a physiological response according to tissue
stimulation. However, its effects are still unclear, particularly on premalignant and malignant
cells. One of PBMT most popular applications, due to its effectiveness, is the prevention and
management of oral mucositis in head and neck squamous cell carcinoma (HNSCC) patients [4,5].
Still, a recent systematic review, including 13 papers, demonstrated that the data does not support
a definite conclusion of photobiomodulation (PBM) impact on HNSCC cells, despite many
studies on the topic [4]. Among the challenges are the wide variety of study designs, PBMT
protocols and the limited type of assays performed, where cell proliferation and viability are the
primary ones.

Evidence indicates that the PBM cascade of events begins with cytochrome ¢ oxidase (COX),
the fourth protein complex in the mitochondrial electron transport chain and primary photoreceptor
of red and near-infrared light [6-8]. The energy absorbed by COX changes the mitochondrial
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potential and leads to up or downregulation of reactive oxygen species (ROS), adenosine
triphosphate (ATP) [9], [3] and calcium (Ca%) [1]. These molecules trigger the activation of
transcription factors (e.g., NF-«kB, Nrf2 and activator protein-1[AP-1]) [10], changes in protein
expression and release of cytokines and growth factors [11]. The exact effects that follows
are hard to predict: it includes altered mitochondrial activity [12], gene expression [1, 13, 14],
promotion of anti-inflammatory response [3] and cell proliferation [15]. ROS, for example,
leads to apoptosis, if found in great amounts, and may also increase proliferation at lower levels.
Therefore, investigating the modulation of these molecules activity by PBM and its connection
with changes in metabolism and physiological effects, within the same conditions of illumination
and cell type, is fundamental.

Glucose is the primary fuel of cellular respiration; its catabolism reduces the electron carriers
by transferring electrons to FAD molecules, producing FADH, and NAD coenzymes, providing
NADH [16]. The NADH and FADH, are oxidized, respectively, to NAD* and FAD at complexes
I and II of the electron transport chain, producing an electrical potential that results in a donation
of electrons to molecular oxygen and phosphorylation of adenosine diphosphate (ADP) by the
ATP synthase enzyme [17]. Generally, lower oxygen concentrations shift the glucose catabolism
to anaerobic glycolysis, which converts glucose to lactate instead of pyruvate, supplying enough
energy for the maintenance of cellular processes [18]. The glycolytic pathway takes place at the
cytosol resulting in ATP generation and oxidation of phosphoenolpyruvate to pyruvate.

ORR =

Fig. 1. Schematics of the optical redox ratio (ORR) in mitochondria, following light
absorption by cytochrome c oxidase (COX), and its correlation to the ATP generation
pathway. Normal cells produce ATP by oxidative phosphorylation (OXPHOS) in
normoxic conditions. Within the mitochondria, NADH and FADH; are oxidized,
respectively, to NAD* and FAD, increasing RR. In hypoxic conditions, cells use the
glycolysis pathway to supply ATP. Glycolysis reduces the electron carriers NADT and
FAD to NADH and FADHj,, respectively, lowering the ORR.

In non-cancer cells, this pathway can either provide enough energy to cells under hypoxic
conditions or supply the citric acid cycle with pyruvate to produce mitochondrial ATP by oxidative
phosphorylation (OXPHOS) [19]. The formed NADH and FAD of these coenzymes present an
intrinsic fluorescence, which allows the redox ratio (RR) of the cell to be calculated optically by
FAD/ [NADH + FAD] fluorescence intensities [17,20,21]. The optical redox ratio (ORR) is
proportional to the balance of oxidative phosphorylation/glycolysis and can be used to monitor
living tissues and cells (Figure 1) [22]. Several conditions change cellular metabolism and alter
this balance, such as hypoxia, high carbon demands, increased proliferation rate, and fatty acid
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synthesis [21]. The ORR is also used to investigate cancer mechanisms since different types
of tumors, and cancer cells favor glycolysis over OXPHOS, even in the presence of oxygen, a
phenomenon called ”Warburg effect” or aerobic glycolysis [23]. Choosing aerobic glycolysis
could benefit cancer cells by supplying ATP faster than oxidative phosphorylation [24] and by
going through an energetic pathway that produces lower concentrations of ROS [17]. It must be
stated that cancer cells can favor oxidative metabolism over aerobic glycolysis, for reasons not
fully elucidated. Highly invasive tumor cells, for example, have shown modulation of the glucose
metabolic pathway depending on the site of metastasis [25-27]. Oral cancer is one of them, and
its location is convenient to make optical measurements and an ORR analysis. Previous studies
have shown that it is possible to differentiate healthy tissue, hyperplasia, and dysplasia with this
technique in vivo, which shows its potential to monitor metabolism changes in the tumor [28].

Therefore, in order to increase PBMT acceptance, it is fundamental to investigate its effects
on the metabolism of cancer cells, since it is a modality clinically used to treat and prevent
side effects, such as mucositis, in cancer patients undergoing radio and chemotherapy. To do
s0, PBMT mechanisms on oral cancer and normal tissue must be known. Despite studies on
the activation of a few pathways and the regulation of important molecules alone do exist, the
overall PBMT effect on metabolism or the existing correlations among them have not been clearly
identified or understood [21]. Thus, the aims of this study were to explore PBM effects on ORR
and its correlation with the cell cycle, ATP levels, and ROS production, and to elucidate PBM
effects related to the activation of biochemical carriers and the overall impact on the metabolism
of oral cancer cells and fibroblasts, which play an important role in normal tissue regeneration,
including mucositis regeneration.

2. Material and Methods
2.1. Cell Culture

Human dermal fibroblasts neonatal (HDFn) and squamous carcinoma SCC-25 (American Type
Culture Collection - ATCC), Wesel, Germany), were cultivated at 37°C in humidified 5% CO,
atmosphere in Dulbecco’s modified Eagle medium (DMEM) and DMEM/Ham’s (Cultilab),
respectively. Media were supplemented with 10% (v/v) Fetal Bovine Serum (Cultilab, Brazil)
and to DMEM/Ham’s hydrocortisone was added (Sigma-Aldrich, USA) at a concentration of
400 ng/ml. Cells were used at maximum passage of 20 and tested negatice for mycoplasma prior
the experiments.

2.2. lllumination protocol

PBMT groups were illuminated using a custom-made LED array device (Figure S1) emitting at
780 nm with an irradiance of 30 mW /cm? and a total fluence rate of 5 J/cm?, given in 2 min
and 53 s at room temperature. [29] The control groups were sham treated. A flow chart of all
analysis performed after PBM is shown in Figure S2.

2.3. Optical Redox Ratio Imaging

Cells were plated on a 35 mm glass bottom dish (Greiner Bio-One, Germany) at a density of
5 x 107 cells and let in a heated chamber (37°C, 5%, CO,) overnight. Four hours after PBMT,
cells were washed twice in PBS and maintained in the buffer for image acquisition, perfomed
on an inverted fluorescence confocal microscope (Zeiss - LSM780, Zeiss, Germany) equipped
with a Ti:Sapphire tunable laser source (Chameleon Vision II, Coherent Inc., USA), using the
multiphoton modality of two-photon absorption induced fluorescence. The laser excitation source
was tuned to 755 nm (NADH excitation, 300 mW at the sample) or 860 nm (FAD excitation,
600 mW at the sample), and images were acquired in the channel mode of the microscope with
440 - 480 nm (NADH fluorescence) or 500 - 550 nm (FAD fluorescence) wavelength range,
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respectively (1.58 us dwell time, 2 line/frame averaging). Images (1024 x 1024 pixels; 8-bit
depth; 425 um x 425 um) were acquired using a 20x objective (NA = 0.8). For each condition,
two plates were prepared and 10 fields were imaged for each one. Three independent experiments
were performed (n=3). To calculate cell-to-cell ORR heterogeneity, a region of interest (ROI)
was selected and used to create a mask to compute the mean ORR of a single cell. The mask
was created manually from the FAD image. Three cells of each field were analyzed, resulting
in the analysis of 120 cells per group, from three independent dishes (n=3). To ensure that the
same dish would yield the same result, two dishes were calculated twice, using different cells
from the field. Then, the ‘heterogeneity’, defined as the ratio of standard deviation/mean ORR,
was calculated for each dish. Therefore, the error bar of this parameter represents the standard
deviation of the heterogeneity value of three dishes. All images were acquired using Zen 2010
software (Zeiss, Germany). Laser power was checked daily to ensure its value was approximately
the same at all experimnt-days. Additionally, a control plate was imaged as the standard, in order
to compare its value among the different days and account for daily system fluctuations. Image
analysis was performed using MATLAB (MathWorks, USA), thresholding was performed by
removing pixels with NAD+FAD < 0.4 to eliminate saturated pixels, background and contribution
from other chromophores, such as keratin. The latter results in pixels with a high intensity in
one channel but a low one on the other. This approach was validated by analysing the isolated
contributions from the removed pixels for all conditions, and concluding that their contribution
was minor and uniform along the groups. Redox images and their mean values were created
by computing pixel-wise ratios of FAD/(NADH + FAD) fluorescence. For statistical analysis
and bar plot presentation, the average redox ratios of each group were calculated by separately
computing the means from their respective images.

2.4. Glycolysis assay

Glycolysis was assessed with a fluorescent kit (Abcam ab197244, Abcam, USA) following
manufacturer protocols. 2x10* cells/well were seeded in 96-well opaque black walls 24 h prior
illumination, in 6 replicates per group. Then, 1h after PBMT, CO, was removed from the
incubator and at 4h after PBMT wells were washed twice with Respiration Buffer and 15 ul
of Glycolysis assay reagent in 100 ul of Buffer was added to each well. Fluorescence (ex/em:
380/615 nm) was measured with a SpectraMax M5 Multi-Mode Microplate Reader (Molecular
Devices, USA) for 2h in 1.5 min intervals. The means correspond to two independent experiments
(n=2).

2.5. Metabolic activity assessment by MTT assay

Metabolic activity was assessed at 4h and 24h after PBMT. Cells were seeded in triplicate for
each condition in 24-wells plates at a density of 1x10° per well (500 1) and illuminated in culture
medium the following day according to the parameters mentioned above. After 4h or 24h, medium
was replaced by 250 ul of new media with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (5 pg/ml) and incubated for 3h, until 1 ml of DMSO was added and absorbance
was measured at 570 nm in a microplate reader (Multiskan™ FC Microplate Photometer —
ThermoFisher Scientific, USA). Each experiment was performed three independent times (n=3).
To confirm whether the results from MTT resulted proliferation and viability, a trypan blue
exclusion assay was performed in quadruplicate, in the same conditions.

2.6. ROS Assay

Quantification of ROS after PBMT was performed by flow cytometry assessment using DCFH-
DA. For the assay, a 1x10° cells per ml suspension was made in phenol and FBS free medium.
Triplicates of 250 ul of the cell suspension were illuminated in a 24-wells plate with a dose
of 5 J/cm? at 780 nm in a black 24-wells plate with clear bottom. Samples were immediately
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incubated with 250 ul of DCFDA solution, resulting in a concentration of 25 uM, for 30 minutes
at room temperature in the dark and assessed by flow cytometry (BD, C6 Accuri Plus, USA) at
an excitation/emission of 492495 nm/517-527 nm.

2.7. ATP Assay

Cells were seeded in 96-well plates at a 2x10* cells/well density and incubated at 37°C, 5% CO,
for 24h prior the ATP assay, performed with the ATP bioluminescent assay kit (Sigma—Aldrich,
USA). Plates were illuminated or sham-illuminated in medium and at a specific time after that
ranged from 1-24h supernatant was removed, wells were washed twice with PBS and 100 ul of
Releasing Reagent were added. The working solution was prepared as indicated (10% of ATP
Mix Working Solution in ATP Mix Dilution Buffer). Immediately prior to the bioluminescent
reading, 100 ul was added to the wells with a multi-channel pipette to ensure all wells were
incubated simultaneously and only 6 wells were read at a time. The luminescence was measured
with a SpectraMax M5 Multi-Mode Microplate Reader (Molecular Devices, USA). Experiments
were repeated three times with 6 replicates per group (n=3).

2.8. Cell cycle assessment

Cell cycle evaluation was performed by flow cytometry analysis using propidium iodide (PI).
Cells were seeded in 24-wells plate and illuminated in culture medium as described previously,
in triplicate. Then, at Oh, 8h and 24h after illumination, cells were collected and fixed in ice-cold
70 % ethanol at -20°C for at least 24 h, then washed with PBS and stained with PI (50 ug
PI/ml in PBS, BD Biosciences) containing 0.1 mg/ml RNase (Sigma—Aldrich, USA) for 40 min.
Samples were analyzed in an Accuri C6 flow cytometer (BD Biosciences, USA) in triplicate and
cell cycle was determined using FlowJo software univariate analysis (BD Biosciences, USA).
Two independent experiments were performed (n=2). Representative histograms of each group,
showing the estimated areas of the cell cycle stages, are shown in Figure S3.

2.9. Statistical analysis

The data were plotted using boxplot with a whisker of 1-99 or represented as means + standard
deviation and were analyzed using the commercially available software Origin 2018 (Origin
Lab., USA). One-way analysis of variance (ANOVA) was used among the categories “HDFn”
and “SCC-25" cells and “Control” and “PBM” for the ORR measurements. For experiments that
we compared only “PBM” and “Control” independently for the same cell line, a single ANOVA
test was performed. Differences were considered as statistically significant at p<0.05. Asterisks
placed above bars indicate statistical significance.

3. Results
3.1. Optical Redox Ratio Imaging

For imaging, two-photons excitation fluorescence (TPEF) microscopy allowed the acquisition of
high resolution images of depth sectioning without the need for a confocal pinhole, since TPEF is
anon-linear light process limited to the focal plane, which also spares any damage to surrounding
tissue or cells [21,30]. Figure 2 shows the NADH (blue) and FAD (green) fluorescence by TPEF
microscopy and the merged image (red) indicating the ORR of the SCC-25 cells (Figure 2a-c)
and HDFn (Figure 2d-f).

From the results shown in Figure ??g, it is evident that HDFn fibroblasts present a higher ORR
than SCC-25 carcinoma cells. This is rational since normal cells favor oxidative phosphorylation
(TFAD/(TFAD+|NADH)) over glycolysis (|FAD/(|FAD+TNADH)) and is consistent with previ-
ous observations [17,21]. Regarding PBMT, illumination did not show a significant effect on
HFDn ORR value, however, it decreased the ratio of SCC-25 cells by 10%, indicating increased



211

212

213

214

215

216

217

218

219

220

221

222

223

o
+
w

o 2
2 3
£ 5 —
% )
2 g
8 g .
Sor 3 0,15
8 <
3 o
Q
@ B
Sos
O 0,10
05 ==
0,05
04 T T T T T T T T
Control HDFn ~ PBMHDFn  Control SCC-25 PBM SCC-25 Control HDFn ~ PBM HDFn  Control SCC25  PBM SCC25

Fig. 2. Fluorescence microscopy of SCC-25 (a-c) and HDFn (d-f) cells. The false
color blue images (a and d) correspond to NADH fluorescence, false color green
(b and e) correspond to FAD fluorescence and the false color red (c and f) are the
calculated optical redox ratio image. (g) Mean optical redox ratio of HDFn and SCC-25
cells, control and PBM groups (n=3, * indicates p < 0.01). (h) Cell-to-cell relative
heterogeneity in the redox ratio for SCC-25 and HDFn cells, control and PBM (n=3, *
indicates p < 0.05).

glucose catabolism. Additionally, cell-to-cell ORR heterogeneity was calculated using a region
of interest (ROI) mask to compute the mean redox ratio of a single cell. It is noticeable that the
heterogeneity shown is greater for SCC-25 cells than for healthy HDFn cells. This is consistent
with the fact that some tumor cells, presenting a more metastatic potential, contradict the Warburg
effect, [17] which consists in the preferential metabolism of glucose to lactate, independent of
oxygen presence, by cancer cells [31]. Another interesting observation is that PBM reduced
the heterogeneity in both cell lines (??f), despite not causing a difference in the ORR mean of
HDFn cells. This means that the balance of oxidative phosphorylation/glycolysis among the
population became more homogeneous after illumination. If we combine this result with the
decrease in the mean of SCC-25 ORR, it is possible to raise the hypothesis that PBM induces
an upregulation of glucose catabolism compared to OXPHOS. For HDFn cells, the decrease in
heterogeneity could be related to PBM producing slightly different effects according to the state
of a cell, upregulating OXPHOS in cells presenting a lower redox state and decreasing glycolysis
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in the ones that favored it instead of OXPHOS.

3.2. Glycolysis

Glycolysis results after 4 hr of PBMT are shown in Figure 3. It is seen in Figure 3a that fibroblasts
present a lower baseline for glycolysis than the tumor cell line, as expected due to the Warburg
effect observed in cancer cells. The PBMT caused an increase in this parameter in both cell lines
(Fig 3b and 3c), in a similar proportion. As HDFn cells did not present a difference in ORR
after PBMT we conclude that OXPHOS increased as well, and the balance was not altered. The
SCC-25 cells showed a decrease in ORR and an increase in glycolysis, making it possible to
infer that OXPHOS had either a smaller increase than glycolysis, was not affected, or had a slight
decrease.

3.3. MTT assay

Cell viability was assessed by the Metabolic activity assessment by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay 4 h and 24 h after PBMT and is shown in Figure
4. Since this assay is used to measure cell viability based on cell metabolism, cell counting was
performed to confirm the results from MTT and showed a good correlation (see SI). Thus, the first
time point was chosen to investigate metabolic changes only, while 24 h allows the visualization
of viability and different cell numbers as well. Earlier times were not investigated since PBM
effects take a few hours to result in metabolic alterations. In the results, it is possible to observe
a difference in cell viability 4 h after PBMT in both cell lines alongside similar cell counting,
which indicates a change in metabolism in both cells. Mitochondrial activity was increased in
fibroblasts (Fig. 4a) and decreased in SCC-25 cells (Fig. 4b). At 24 h, it was observed that PBM
induced proliferation in fibroblasts, as both MTT and cell counting increased. However, there
was no significant change in the tumor population.

3.4. ROS and ATP Assay

The ROS quantification after PBMT was performed by flow cytometry to investigate if its
production correlated to illumination (Figure 5). Figure 5a shows the ratio of mean intensities
between PBMT and the control of each cell line. In fibroblasts, no significant (p > 0.05) changes
were found among the samples. In SCC-25, however, a statistically significant (p < 0.05) increase
of about 30% was observed after PBMT. This suggests that ROS could play an important role in
mediating PBM effects in tumor cells but not in normal fibroblasts. One common consequence of
several pathways initiated by ROS is increased ATP production. As seen in Figure 5b, endogenous
ATP increased within the 24 h-after PBMT period evaluated for SCC-25 and HDFn cells, even
though kinetics differed among the cell lines. SCC-25 cells presented a peak of 1.25 units
compared to the control at 4 h after PBMT while fibroblasts modestly increased ATP by 7 %
6 h after PBMT. Interestingly, both cells showed a decrease immediately after its ATP peaks,
indicating consumption by energy demanding processes.

3.5. Cell cycle assessment

Cell cycle was evaluated by flow cytometry 8 h and 24 h after PBMT or sham treatment. The
proportion of cells in G2/M after PBMT relative to the control is shown in Figure 6. Cells in
GO/G1 and S phase were not statistically different. It was observed that both fibroblast and tumor
cells increased mitosis in a linear manner and at the same rate, reaching a 20 % increase in 24 h.

4. Discussion

Photobiomodulation is the use of light, mainly in the red and near-infrared regions, for a variety
of purposes. It is promising since it is a non-invasive and an affordable technique already used to
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Fig. 3. Glycolysis experiment assay. (a) Baseline of glycolysis for SCC-25 and HDFn
cell line showing that the tumor cell line (SCC-25) has a greater baseline for glycolysis
when compared to HDFn cells. This result was expected and could be related to the
Warburg effect. (b) Glycolysis quantification after PBMT for SCC-25 cell line and (c)
for HDFn cell line. Results show that PBM did not influence the glycolysis rate of
normal cells but increased the rate of tumor cells. *p < 0.05

reduce inflammatory conditions [3], in the treatment of arthritis [32] and wound healing [33],
among others, resulting in pain relief and modulation of expression of genes related to the
inflammatory response [6,34,35]. The PBMT encompasses such a broad spectrum of illumination
protocols, parameters, and uses; its mechanism of action is not fully understood. This causes
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induced cell proliferation in fibroblasts after 24 h. (b) Cell viability assay for SCC-25
cells. When compared to control, no cell proliferation was observed in tumor line 24 h
after illumination.

skepticism from the medical community and limits its impact. As stated by Stephen Sonis [36],
until we obtain enough data we cannot answer whether we should avoid PBMT in head and neck
cancer tumors or not. So it is fundamental to understand these effects to ensure the safety of this
technique and explore its potential in enhancing cancer treatment.

In this study, we investigated the effects of PBM on the metabolism of healthy (HDFn) and
cancer cells (SCC-25) in vitro and revealed that their pathways are different. It was also established
that ORR evaluation by TPEEF is a technique that is sensitive enough to significantly detect slight
changes caused by PBM. Thus, it is a powerful tool to investigate metabolism modulation in both
cancer and normal cells. The PBMT illumination protocol was based on previous mucositis
studies [37,38] and the results are summarized in Figure 7. In fibroblasts cells, no changes in
the redox state were observed 4 h after illumination despite increased glycolysis displayed by a
different method. Therefore, both forms of respiration might have increased at the same rate in
these cells, maintaining the ratio constant. In SCC-25 cells, a lower ORR after PBM indicates
a possible increase of glycolysis compared to OXPHOS. Nevertheless, there are other process
that affect the redox state of the cells, such as glutaminolysis, fatty acid oxidation/synthesis and
apoptosis, so further studies are needed to confirm this hypothesis [39,40].

Previous work by Heymann and colleagues reported a PBM-induced decrease in the redox
ratio, measured by the extracellular flux assay, along with increased proliferation in HeLa cells,
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290 using 670 nm and 12 J/cm? [41]. Since the illumination protocol and cell type were different, but
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the effect similar, it might be a common effect of PBM in tumors. Its consequences in cancer
cells need to be investigated since it may correlate to the Warburg effect and its therapeutic
implications, such as tumor aggressiveness shown by Li et. al. [42].
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Fig. 7. Summary of HDFn and SCC-25 modulations caused by PBM indicating increase,
decrease or no change in reactive oxygen species (ROS), redox ratio (RR), redox ratio
heterogeneity (ARR), adenosine triphosphate (ATP), number of cells in G2/M and
proliferation, compared to its respective controls.

Additional evidence that arose from the ORR analysis is that PBM may have different effects
and mechanism of action depending on the previous redox state of the cells. This was shown
by decreased heterogeneity in ORR values 4 h after illumination, in both cell lines, caused by a
decrease in the highest and an increase in the lowest values of ORR. It suggests that PBM acts
differently according to the cells. In this instance, it may be more effective to the ones that differ
from the mean redox state of the population.

Beyond the differences in ORR, fibroblasts and SCC-25 cells, these seem to have distinguished
pathways that initiate the cascade of events that characterize PBM. ROS is known to be an
important biomarker that induces apoptosis if found in high concentrations, and modulates
pro-survival and proliferation effects at low concentrations [43]. In this study, ROS concentration
increased only in SCC-25 cells, indicating that PBM acts by a different pathway in fibroblasts.
Engel and colleagues showed increased catalase in fibroblasts after PBM scavenged ROS.
Therefore, they suggested that lineage-specific differences maintain homeostatic redox status
within each cell type [43]. Lunova et al have stressed how PBM mechanisms are complex
by showing that blue and red light cause opposite changes in the mitochondrial potential by
exciting different structures in COX [44]. Lynnyk et al have demonstrated that different doses
of laser irradiation result in distinct biochemical signaling, which may be initiated by different
intracellular ROS compartmentalization [45].

Nevertheless, ATP levels were increased in both cell lines after PBMT. Chen et. al. showed in
fibroblasts, that ATP increase after PBM is not altered with the addition of antioxidants. Despite
showing an increase in ROS that was not seen in our study, both results suggest that ATP synthesis
after PBMT is not dependent on ROS signaling [46]. ATP kinetics after PBMT, however, have
not been investigated yet. Such an investigation is important because end-point measurements
can lead to false conclusions. For example, ATP increase in fibroblasts was only seen 8 h after
PBMT while its peak for SCC-25 cells was seen at 4 h. At 12 h, ATP levels were lower when
compared to the non-illuminated groups for both cells lines. This indicates higher ATP demands
from processes induced by PBM, such as protein synthesis and DNA replication involved in
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proliferation, or a mechanism of feedback that tends to suppress the effects caused by light.

In fact, we observed an increase in G2/M fraction for both cells at 8 and 12 h after PBMT.
However, it did not result in increased proliferation in the tumor cell line but did in HDFn
cells. This is an encouraging result that supports the evidence that PBM does not affect tumor
growth [47]. Schartinger et al. reported similar results using 660 nm, an increase in fibroblasts
but a decrease in SCC-25 cells [48]. This indicates regarding proliferation, that PBM effects are
similar for multiple wavelengths. Regarding cell cycle, they observed an increase fraction in cell
cycle G1 and S phases, but did not report the time after PBMT in which the measurement was
performed. In contrast, Sperandio et al. observed increased proliferation in SCC-25 cells for
both 660 and 780 nm, at 24 h (780 nm, 6.15 J/cm?) and 48 h (660 and 780 nm, 3.07 J/cm?)
after illumination [49]. Certainly, further studies need to be conducted to understand if PBM
stimulates proliferation in tumors, and under what conditions, in order to advance the reliability
and security of its applications in cancer.

Therefore, it was demonstrated that PBMT with 5 J/cm? at 780 nm alters the metabolism of
fibroblasts and HNSCC cells, but in different pathways and kinetics. Its mechanism of action
needs to be further investigated to improve the understanding of these differences. For that, studies
in more complex models, 3D cell cultures and in vivo, need to be conducted. So the influence of
the extracellular matrix, spatial fluence distribution, surrounding tissues, immune and vascular
response, among others, can be evaluated. Then, it may be possible to explore PBM mechanisms
to improve cancer treatments, or avoid applications involving tumors to prevent negative effects.
Additionally, TPEF was depicted as a powerful tool to evaluate redox state after PBMT. It is a
sensitive technique that allows the assessment of small redox ratio differences and heterogeneity
among cells. It is also nondestructive, so the sample can be used after measurements, and it can
be combined with other fluorescent markers.
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Figure S1: lllumination device used for PBMT, composed of 24 LEDs of 780 nm.
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Figure S2:Flow chart indicating the experiments performed after PBMT.
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Figure S3: Cell cycle representative histograms from all groups.
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A combination of metabolic modifications by light stimulus and photodynamic action is very attractive. Pho-
tobiomodulation therapy (PBMT) comprehends a vast range of applications and has been shown to be suitable to
ease morbidities caused by chemotherapy and radiation, such as mucositis and dermatitis. The current study
investigates the effects of near-infrared PBMT combined with porphyrin-based photodynamic therapy (PDT) in
squamous cell carcinoma cell lines SCC-25 and SCC-4. The aim is to evaluate the potential of this combination to
improve PDT outcome by increasing cell toxicity. Many techniques were used to verify the combined effect.
Photobiomodulation (PBM) enhanced PDT action in SCC-25 cells by increasing photosensitizer (PS) uptake and
production of reactive oxygen species (ROS). The equivalent was not seen in SCC-4 cells compared to the PDT
only group. We believe these effects are strongly related to the interval of application between PBMT, PS in-
cubation and PDT. Additionally, the effect of ascorbic acid on preventing PBM effects in PDT shows that ROS play
an important role in the early mechanisms of PBM-PDT. Therefore, we believe PBM-PDT combination is worth
exploring, for its benefit-cost ratio and simple protocols, along with the possibility of improvement in treatment

resuts.

1. Introduction

Photobiomodulation therapy (PBMT), formerly called Low-Level
Light/Laser Therapy, is the application of light to modify the expres-
sion or activity of endogenous enzyme photoreceptors, initiating cell
signaling pathways that modulate cellular and tissue metabolisms,
proliferation and inflammatory response [1,2]. The applications of this
technique include tissue repair, analgesia, inflammation reduction, pain
relief in the treatment of wounds, mucositis, muscle regeneration,
among others [3,4]. The light source usually consists in a low power
laser (below 500 mW) or LED in the red and near infrared (NIR)
wavelength region (600-850 nm), which presents effective penetration,
lack of carcinogenic or mutagenic effects and minimal thermal effects
[4]. Increased levels of reactive oxygen species (ROS) are involved in
photobiomodulation (PBM), but in small amounts that act as mediators
and initiate a cascade of cellular processes [5]. Other molecules that play
arole in the early mechanisms of PBM are ATP, Ca2+, and NO [6]. The
redox potential changes induced by PBM activate redox-sensitive tran-
scription factors, such as necrosis factor-Kb, resulting in fibroblast pro-
liferation, migration, collagen synthesis, modulation of inflammatory
and antioxidant responses, increased angiogenesis, oxygenation and
tissue repair [7].

* Corresponding author.
E-mail address: claramgf@ifsc.usp.br (C.M.G. de Faria).

https://doi.org/10.1016/j.jphotobiol.2021.112170

On the other hand, Photodynamic Therapy (PDT) is a treatment
based on the interaction of a photosensitizer (PS) with light and oxygen,
producing toxic amounts of ROS in the target tissue. It is well known for
its oncological use, but it is also explored in anti-microbial, dermato-
logical and ophthalmological applications [8]. Many PDT procedures
are approved and routinely used in several countries, including for the
treatment of head and neck cancer (HNC) [9-12]. However, most cases
are diagnosed at advanced stages, so treatment is less effective and
surgery results in organ mutilation and impairment of speech, swal-
lowing, aesthetic and self-perception [13]. In this scenario, PDT is a
good alternative, since its advantages encompass effective tumor erad-
ication along with tissue sparing and great cosmetic outcome [14,15].
Yet, there are some challenges in PDT that reduce treatment efficacy,
such as low PS specificity and accumulation in the tumor and low light
penetration. Efforts are being conducted in developing novel photo-
sensitizers as well as illumination devices and protocols. In this scenario,
strategies that could improve the protocols that have already been tested
are also interesting.

In this study, we propose the investigation of the use of PBMT
combined to PDT to improve the outcome results. PBMT alone is not
suitable for an anti-tumor approach, however, its role in improving the
overall outcome in cancer research as a treatment of the morbidities
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caused by chemotherapy and radiation — mucositis and dermatitis, for
example — is well known [16-19]. Combination of techniques with PDT
has also been investigated, for instance, chemotherapy, radiotherapy
and surgery, and additive and synergistic effects were observed [20-25].
For mucositis, Pinheiro et al. have studied PBM and PBM-PDT treat-
ments and obtained positive results such as acceleration of healing time
[26,27]. PBMT and PDT combined have also been studied as treatment
for other oral conditions, in particular palatal ulcers and oral graft-
versus-host disease [28,29]. The combination of PBMT and PDT in
oncological applications has only been described in two [30,31], where
both observed promising results when applying NIR light a few hours
before PDT. Interestingly, the protocols had little in common as they
differed in cell type, PBMT wavelength, photosensitizer and its incuba-
tion time. Nevertheless, they observed similar PBM effects in the PDT
outcome that related to increased PS uptake. Tsai and Negri hypothe-
sized that the PDT enhancement effect caused by PBMT was mediated by
increased metabolism and ATP production, which resulted in higher PS
uptake and energy supply to undergo apoptosis. In fact, several studies
in different cells and conditions indicate that PBM increases ATP syn-
thesis and metabolism [32]. Because modifications caused by PBM act
on metabolism that can improve PDT efficiency either by increasing
uptake or oxygenation in the reaction site, it is a very promising
combination.

Therefore, in this study we investigated the effects of PBMT,
employing a NIR light source, combined with porphyrin-based PDT in
squamous cell carcinomas originated from the oral cavity, a common
HNC. We aim to evaluate the potential of this combination to improve
PDT results by increasing toxicity in tumor cells in vitro.

2. Materials and Methods

Two squamous carcinoma cell lines were used, SCC-25 (ATCC® CRL-
1628™) and SCC-4 (ATCC® CRL-1624™), which were grown by adhe-
sion in Dulbecco’s Modified Eagle’s Medium (DMEM)/ Ham’s Nutrient
Mixture F12, supplemented with 10% (v/v) fetal bovine serum (FBS),
antibiotics and hydrocortisone (400 ng/mL). Cells were maintained at a
density of 2x10%cells per culture flask, in an incubator at 37 °C under a
humidified atmosphere of 5% CO,. Cell medium was changed three
times a week and cells were subcultured following standard protocol
with 0.25% trypsin and 0.53 mM EDTA. Subculturing was performed
whenever cells reached between 80% and 95% confluence, and the
subculture ratio was maintained between 1:3 and 1:10.

2.1. Photobiomodulation Therapy - PBMT

Regarding PBMT, two experimental conditions were settled: control
(cells not exposed to modulating radiation); and PBM, cells illuminated
at 780 nm, 5 J/cm?. PBMT parameters were determined based on studies
that showed some photobiomodulatory effect in this range [33].

2.2. Photodynamic Therapy - PDT

For each PBM condition, two groups were established: control for
PDT (0 J/cm?) and illuminated PDT (630 nm, 15 J/cmz), totaling six
experimental groups. For PDT groups, the Photogem® PS was used at 5
pg/mL in DMEM/Ham’s 1% FBS and without phenol red. PS was
immediately incubated after PBM, during 4 h. Then, cells were washed
twice with phosphate solution (PBS) at a pH of 7,2, fresh medium
(DMEM/Ham'’s, 1% FBS, no phenol) was added and cells were exposed
to 630 nm and 15 J/cm? fluence rate.

2.3. Cell Counting
PBMT effects on cell proliferation were analyzed 24 h after PBMT

illumination. Cells were inoculated in 24-well plates at a 5 x 10* cells/
well density 24 h before PBMT illumination. PBMT was performed (780
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nm, 5 J/cm?), and plates were kept in an incubator for another 24 h.
Cells were washed with PBS, detached with trypsin and filtered to
remove cell clusters. Then, cells were counted by flow cytometry (488
nm excitation, 695/40 nm detection, BD Accuri C6 Plus, BD Bio-
sciences). Two independent experiments were performed in triplicate
for each group (N = 6).

2.4. Cell Viability and Morphology

Cell morphology was assessed by phase contrast microscopy (Axio
Observer.Z1, Carl Zeiss) with 10x and 20x magnification 20 h after
PDT. Cell viability was analyzed by the MTT assay (3-(4,5-dimethylth-
iazol-2yl) -2,5-diphenyltetrazolium bromide), which consists of a
colorimetric method to quantify cell viability based on MTT conversion
into purple formazan crystals due to cell metabolic action. Cells were
inoculated in 96-well plates at a density of 1 x 10* cells/well 24 h before
experiments. Cells with MTT at 0,5 mg/mL in DMEM 1% FBS without
phenol were incubated 21 h after PDT irradiation during 3 h. Then,
formazan crystals were diluted in DMSO and the absorbance was read at
a microplate reader (570 nm and 690 nm), resulting in a measurement
24 h after PDT. For viability, three independent experiments were per-
formed in three rows of 5 wells for each group (N = 45).

2.5. PS Uptake

Cellular PS uptake was also analyzed. Cells were inoculated in 24-
well plates at a density of 5 x 10* cells/ well 24 h before PS incuba-
tion. PBMT 780 nm was performed, and immediately after illumination,
PS was incubated for 4 h. Then, cells were washed twice with PBS, de-
tached from wells with trypsin and PS fluorescence was measured by
flow cytometry (488 nm excitation, 695/40 nm detection, BD Accuri C6
Plus, BD Biosciences). The experiment was performed in triplicate and
repeated twice (N = 6).

2.6. DCFH-DA

DCFH-DA (2,7-dichlorofluorescin diacetate) is an oxidative stress
marker related to reactive oxygen and nitrogen (RNS) species in cells.
This probe penetrates the cell membrane and can be oxidized by ROS
and RNS to DCF (2,7-dichlorofluorescin), a fluorescent compound [34].
Cells were inoculated in 24-well plates at a density of 5 x 10* cells/ well
24 h before DCFH-DA incubation. They were submitted to the PBMT
780 nm protocol, then PS was incubated for 4 h, as mentioned previ-
ously. After incubation and PBS washings, cells were detached from
plates with trypsin, and DCFDA at 25 yM in DMEM Ham’s without
phenol red was added to the wells. PDT illumination was performed, and
cells were incubated for another 20 min at 37 °C until DCF fluorescence
was measured by flow cytometry at 488 excitation and 533/30 emission
(BD Accuri C6 Plus, BD Biosciences). Two independent experiments
were performed in triplicate (N = 6).

2.7. Ascorbic Acid

Ascorbic Acid (AA) is an antioxidant capable of scavenging ROS free
radicals, preventing cellular damage caused by these species [35]. In this
assay, AA was dissolved in PBS to a stock solution of 10 mM. Fresh stock
solutions were prepared for each experiment. Then, it was diluted to
DMEM Ham’s 5% FBS without phenol red at a concentration of 100 pM,
which was added to cells 2 h before PBM-PDT experiments. Afterward,
the medium was changed to a new one, and PBM-PDT protocol pro-
ceeded as previously described. Three independent experiments were
performed for this analysis, with a total N = 45.

2.8. Statistical Analysis

All quantitative data were described as means + SD deviation.
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Statistical analyses were performed with Origin software (version 2018,
Originlab, USA). ANOVA followed by the Tukey test was applied to es-
timate the differences between two means for normal distributed data,
and the Kruskal-Wallis ANOVA test was used when the results rejected
normality. A value of P < 0.05 was considered to be statistically
significant.

3. Results
3.1. Photobiomodulation and Photodynamic Therapy

Cell counting was performed 24 h after PBMT to investigate the ef-
fects of illumination protocol on proliferation (Fig. 1). PBMT and PDT
viability results are shown in Figs. 2 and 3. The PBM effect on viability
alone was statistically different from the controls, despite not being very
expressive. SCC-25 presented a slight increase in it after PBM, of about
8%, as opposed to SCC-4, which had a 4% decrease compared to its
control. Since viability was measured indirectly through MTT metabolic
activity assay, these results may be due to differences in metabolism,
instead of cell number or proliferation, since cell counting 24 h after
PBMT did not indicate a statistically significant difference between
groups.

The photodynamic treatment alone resulted in a reduction of 64% in
cell viability in SCC-25 and of 32% in SCC-4 cells. Therefore, we see that
SCC-25 cells are more sensitive to PDT than the latter. In regard to the
PBM effect on PDT, we observed an enhancement in cell death for SCC-
25 cells with a statistically significant difference. PBM-PDT viability on
these cells is about 70% of the PDT group and represent an additional
10% reduction in viability compared to the control. Regarding SCC-4
cells, the PBM effect on PDT is not statistically significant.

3.2. Morphological Changes by PDT

Bright field microscopy of SCC-25 and SCC-4 cells 20 h after PDT is
shown in Fig. 4. All groups present characteristic marks of damage and
some clear signs of cell death, such as detached cells, apoptotic bodies
and vacuolation. Comparatively, in SCC-25 cells differences are
observed between the groups. In the PBM-PDT images it is seen an in-
crease in cell detachment, apoptotic bodies and cells with large and
numerous vacuoles. These indicate that PBM increases irreversible
damage caused by PDT in those cells. Further tests are needed to
quantify the processes of cell death and study if all are increased in the
same manner or if any of them are more sensitive to the effects of PBM.
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Fig. 1. Cell count 24 h after PBMT relative to its corresponding control group.
No statistical difference is observed among groups.
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Fig. 2. Relative Viability of PBM-PDT in SCC-25 cells. Statistical significance
from control (p < 0.05) is shown by (*) and by (**) when between other groups.
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Fig. 3. Relative Viability of PBM-PDT in SCC-4 cells. Statistical significance
from control (p < 0.05) is shown by (*).

3.3. PS Uptake

Photogem uptake after PBMT is shown in Fig. 5. We observe that
PBM induced an increase of 5% in uptake in SCC25 cells, but the same
protocol appears to decrease PS concentration in SCC4 cells at the same
rate. The difference induced by PBMT in both cells is not very expres-
sive, despite being statistically significant for SCC-25.

3.4. DCFDA

The relative production of ROS by PDT can be indicated by the
DCFDA fluorescence intensity. Oxidized DCFDA is one of the most
widely used methods for directly measuring the redox state of a cell
[36]. Despite being unspecific, it can be used to track changes in ROS
after PDT, since the treatment created several reactive species. There-
fore, DCF fluorescence of PDT and PBM-PDT groups, compared to sham
illuminated controls, was measured by flow cytometry and is shown in
Fig. 6. PBM induced an increase of more than 20% in the SCC25 cells.
Results from SCC4 cells displayed a tendency of decrease, but no sig-
nificant difference could be seen.



C.M.G. de Faria et al.

SCC-25

Journal of Photochemistry & Photobiology, B: Biology 217 (2021) 112170

PDT-only

PBM PDT
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o

Fig. 4. Morphology of SCC cells 20 h after PBM-PDT. Bottom images of each cell line, (c) and (d), correspond to greater magnification of top images (a) and (b),
respectively. Examples of damage are marked on the images: vacuolation is shown by dark circles, and arrows indicate apoptotic bodies and detached cells.
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Fig. 5. Relative PS fluorescence after 4 h incubation, measured by flow
cytometry. PBM groups were illuminated immediately before incubation. Sta-
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Fig. 6. DCFDA fluorescence intensity relative to control immediately after PDT,
measured by flow cytometry. Statistical significance (p < 0.05) is shown by (*).

3.5. Ascorbic Acid

Ascorbic acid, an efficient antioxidant, was incubated for 2 h prior to
PBMT illumination or sham-illumination, in the case of controls, then
PBMT and PDT protocols were performed as described. Results are
shown in Fig. 7. This compound had no significant effect in controls and
PDT only groups (Sup Mat2), however, for SCC-25 it prevented the ef-
fects of PBM on PDT toxicity. PBMT viability was the same as in control,
and PBM-PDT had no significant difference from PDT only. For SCC-4 we
observed that AA did not completely revert PBM effect compared to
control; it is still reduced, but PBM-PDT remained comparable to the
PDT only group.

4. Discussion

There are several studies on PDT using SCC-4 and SCC-25 cell lines
focused on enhancing PDT efficiency by different methods. [37-40]. D.-
F. Yang et al. studied calcipotriol and methotrexate associated with ALA-
PDT protocol in SCC-4 cells. Concerning SCC-25, Bhuvaneswari et al.
evaluated the anti-angiogenic potential of nimotuzumab and cetuximab
in Chlorin e6-PDT. Besides, Kelley et al. showed an increase in Photofrin-
PDT effect by the pro-oxidant property of iron and ascorbate. Although
these articles share similarities with the current study, regarding PDT,
cell line and PS (Kelley, particularly), none of them correlates PDT and
PBM. In fact, there are only few studies approaching this combination in
any setting of cell line and protocol.

A great number of studies reported that PBM modulates intracellular
processes as well as systemic effects. Primary human skin fibroblasts
irradiated by Infrared A (IRA) revealed a change in gene transcription:
there have been identified 599 IRA-regulated transcripts related to the
extracellular matrix, calcium homeostasis, stress signaling, and
apoptosis [41]. It is proposed that PBM upregulates ROS (primary su-
peroxide anion O2*, often converted to hydrogen peroxide HyO2), ATP
and Ca®" mainly by light activation of cytochrome ¢ oxidase (CCO),
which is the final mitochondrial respiratory chain enzyme [42,43].
These effects are related to the cell response to PDT, so the aim of this
study was to evaluate the impact of PBM to PDT in oral cancer cell lines.

PBM effects on viability, shown by the MTT assay, are seen in both
cell lines and are very modest, with a difference of 8% and 4% compared
to the respective controls. Comparing it to the results of cell counting,
where no difference is observed among groups, we can conclude that the
tendency demonstrated by MTT must be solely due to differences in
metabolism. Interestingly, the results observed are opposite from one
another as PBMT increases metabolic activity in SCC-25 while reducing
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it in SCC-4. These results endorse the evidence that indicates the safety
of using PBMT in cancer cells [44]. Currently, illumination of the tumor
area is avoided in clinical application of PBMT in supportive cancer
treatment, such as prevention and reduction of chemo-radiotherapy
morbidities in HNSCC patients, especially mucositis. Nevertheless, the
concern among oncology professionals and researchers regarding PBM
on tumors is still valid, since we know that PBMT can alter metabolism
and that tumors from the same site may respond differently. Therefore,
it is important to perform preclinical studies addressing PBM effects and
mechanisms in tumor cells, and then clinical trials. Distinct PBM effects
on the cell lines tested are the first indication of the differences between
them. Next, we observe that they also differ from each other regarding
PDT sensitivity, since cell death induced by the treatment in SCC-25 is
two times the one observed for SCC-4. Finally, PBM induces an incre-
ment in cell death in SCC-25 that is not observed in the other cell line.

We acquired microscope images of the cells after PDT to confirm the
previous results, and the differences in response were also observed in
the morphological evaluation by bright field microscopy performed 20 h
after the treatment, where we were able to see characteristic signs of
damage and cell death, namely cell detachment, formation of apoptotic
bodies and numerous intracellular vacuoles. For SCC-4, following the
viability result, we did not observe differences between the groups.
Similar amounts of cell damage were seen in the images of PDT and
PBM-PDT. For SCC-25, however, all signs of it are increased for the
group that received PBMT before PDT.
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Detached cells are observed with various photosensitizers, including
the Photogem analogue, Photofrin, in a concentration and fluence-
dependent [45]. Hong et al. showed that the loss of cell attachment
was related to an increase in Ca2+ concentration, which initiates
apoptosis at high levels. Moreover, it is known that cells generally
detach from the ones in their surroundings and lose contact with the
extracellular matrix in the early stages of apoptosis [46]. Therefore, the
number of detached cells is likely to be proportional to the amount of
photodamage and also an indication of initiated apoptosis. In contrast, a
clear sign of apoptosis is the presence of apoptotic bodies, which is the
result of the dead cell fragmentation into smaller parts that can easily be
consumed by phagocytes. The last indication of cell damage seen in
Fig. 4 is vacuolation, a feature of two main types of cell death: auto-
phagy and paraptosis. Autophagy is frequently a pro-survival mecha-
nism characterized by the formation of double membrane vacuoles,
denominated autophagosomes, that remove and recycle cellular com-
ponents that are dysfunctional or no longer necessary [47]. This process
is known to repair photodamaged cellular components, such as organ-
elles. However, in situations of irreversible damage, autophagy leads to
cell death. In PDT, authors have identified the predominance of auto-
phagy where apoptosis is unavailable, for instance, the absence of BAX
and BAK proteins, but also in apoptosis competent cells [48,49]. It is still
a difficult process x to measure, so its causes and consequences are
unclear. A process that is similar to autophagy is paraptosis, which has
recently been described as a potential type of death in PDT [50]. It is
associated with ER mediated stress response, accumulation of misfolded
protein and proteotoxicity [51]. While there is no biochemical assay to
identify it, a recognizable morphological feature is the formation of
multiple cytoplasmic vacuoles that differ from autophagosomes by
having single membranes [52]. Therefore, techniques such as electron
microscopy are necessary to allow the visualization of the vacuole
membranes, and to distinguish between autophagy and paraptosis.
Despite not being done in this study, we consider it an important step to
understand the mechanisms of PDT in general and the effects of the
PBMT combination with it, since these two types of death have different
implications and may be involved in the explanation for the differences
observed in SCC-25.

Therefore, bright field microscopy results were important in the
visualization of the death promoted by PDT and enhanced by PBM, for
SCC-25 cells. We propose the use of confocal microscopy with specific
markers in further studies, as well as electron microscopy, to confirm the
indications seen in bright field images.

Photogem uptake after PBMT is significantly increased by 5% in SCC-
25 cells, while the same protocol appears to decrease PS concentration in
SCC-4 cells at the same rate, despite not being statistically significant.
This result does not completely explain the impact of PBM on PDT
viability, since it only accounts for a fraction of it. We hypothesized that,
in addition to uptake, PBM may change PS subcellular localization to
more sensitive sites. It is known that Photofrin®, a Photogem analog, is
a hydrophobic photosensitizer, often localized in plasma and intracel-
lular membranes [40]. Since ROS are highly reactive, presenting a short
half-life, the most sensitive sites are those close to ROS generation sites,
i.e., PS subcellular localization [53]. Another hypothesis is that PBM
could modulate cell permeability to PS. Sommer et al. concluded that
670 nm laser light is capable of changing the density and viscosity of
nanoscopic interfacial water layers contained between hydrophilic sur-
faces, promoting a transmembrane convection effect, forcing HeLa cells
to internalize cytostatic drugs in a high rate.

The relative production of ROS by PDT, compared to sham illumi-
nated controls, was measured by flow cytometry and contributed to the
elucidation of the mechanisms of PBM effect in PDT. We observed an
increase of more than 20% in the SCC-25 cells. PBM-PDT results from
SCC-4 cells displayed a tendency of decrease, but with no statistically
significance. This result is certainly correlated with PS uptake, since it is
directly dependent on its concentration inside the cells. Nevertheless, on
SCC-25 cells, the increase of ROS (20%) is higher than the PS increment
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(5%). This difference may also be due to changes in PS subcellular
localization, since some sites are more sensitive to damage than others.

The effect of ascorbic acid incubation was evaluated due to its po-
tential to prevent PBM effects on PDT. The photobiomodulation cascade
of events is believed to start by the absorption of energy by cytochrome ¢
oxidase and then concentration changes of a few mediators, including
ROS. Its increase after PBMT is reported by several groups [5,54-59].
Therefore, if the presence of a scavenger reduces or suppresses the effect
of PBMT, one can conclude that ROS are fundamental to the initiation of
the pathways that lead to the effects observed [56,60]. Zhang et al. re-
ported that PBM activation of Src tyrosine kinases is mediated by ROS
and that the presence of AA decreased the concentrations of it nearly to
the basal level [59]. Chen et al. observed that the presence of AA, in the
same concentration and incubation time used in our study, abrogated
the ROS increase and NF-kB activation by PBM but not the increase in
ATP [5]. In our results, it is seen that AA eliminated the effects of PBMT
in all its groups of SCC-25 cells, resulting in values that are similar to the
groups with no PBM. Therefore, we can conclude that ROS play an
important role in the early mechanisms of the PBM effect on PDT. In
SCC-4 cells, however, AA did not alter the effect of PBMT alone, which
means a tendency of decrease in cell viability, nor did it have any effect
on PBM-PDT that remained comparable to PDT only. We hypothesized
that the PBM pathways in SCC-4 and SCC-25 may be different, yielding
the distinct results observed in this study.

Finally, we highlight the agreement of our results with the ones from
Tsai and Negri, despite studying three distinct PBMT and PDT protocols
and different cell lines, with similar mechanisms of increased PS uptake
(Tsai 2015, Negri 2019). This indicates that PBM effects on PDT are not
specific and its window of action may consist in a wide range of wave-
lengths, fluences, photosensitizers and tumor types. Additionally, it is
important to state that the results observed are limited to cellular effects
of PBMT. They don’t account for extracellular matrix interactions or
systemic response. It is known that PBM can increase tissue oxygenation
and modulate inflammatory responses. Therefore, studies in 3D tumor
models and in vivo should be conducted.

5. Conclusions

The results presented demonstrate the effect of combining PBMT
illumination before PDT in oral cancer cells. Despite the evidence indi-
cating that PBM induces cell metabolism in a way that enhances the
photodynamic action (increasing uptake and ROS production), we
observed distinct effects between the cell lines. It is important to note,
however, that PBMT did not reduce the PDT effect in either of them,
which indicates the safety of the combination. Nevertheless, further
experiments are fundamental to confirm it, including the investigation
of other tumor types and treatment protocols, using in vitro and in vivo
models that would allow the design of clinical trials. Therefore, we
believe PBM-PDT combination potential is worth exploring, since it may
be a safe, low-cost technique with simple protocols that may result in
significant improvement in treatment outcome. The tendency of
decrease in PS uptake and ROS production for SCC-4, nevertheless, must
be further investigated along with understanding which PBM mecha-
nisms modulate these results.
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4 TUMOR RADIOSENSITAZION BY PHOTOBIOMODULATION THERAPY

4.1 Introduction

As mentioned before, PBMT results in oral mucositis and other oral diseases such
as dermatitis and radiation fibrosis syndrome are promisingand its use in normal tissue is
considered safe. Still, the medical community remains reluctant to incorporate the tech-
nique as a routine procedure due to safety concerns regarding the illumination of tumors.
In PBMT, the upregulation of reactive oxygen species (ROS), Ca2+, nitric oxide (NO)
and adenosine triphosphate (ATP) is involved in initiating the cascade of events that
lead to tissue repair, reduced inflammation, analgesia, and increased proliferation. Ow-
ing to these effects, especially the latter, efforts have been made to determine whether
it increases tumor volume and metastatic potential in cancer. If proven safe, PBMT can
improve tumor eradication and the patient’s quality of life by reducing acute side ef-
fects on normal tissue due to radiation and chemotherapy, which is the major cause of
treatment interruption. In vitro studies have indicated that PBMT induces a radiosen-
sitizing effect on tumors. (32-36) Nevertheless, the number of these studies, parameters
tested, and conclusions that can be made from in vitro results are very limited. Only
two studies address this combination in vivo. Barasch et al, using 660-nm light, recently
reported no difference between the radiation combined with photobiomodulation therapy
(PBMT-RT and radiation only (RT) groups. (35) Silva et al. later reported positive re-
sults with the same wavelength, in three illumination protocols, on triple-negative breast
cancer (TNBC)-bearing mice. (36) They reported that PBMT arrested tumor growth,
improved the clinical condition, prevented hemolytic anemia, and, despite resulting in a
high neutrophil:lymphocyte ratio (NLR), decreased the number of lung metastases and
enhanced mouse survival. In a clinical trial of head and neck cancer patients receiving
chemoradiation with the same wavelength, there was strong evidence that PBMT can im-
prove the treatment and response of chemoradiotherapy patients. (37) The illumination
protocol excluded the tumor area, so it is not possible to conclude whether these effects
were due to the effects of PBMT on cancer cells. In this chapter, we propose an in vitro
and in vivo investigation of the radiosensitizing potential of PBMT in tumor cells in vitro
and in vivo. A 780 nm light source was chosen because of its common use in PBMT and
its deeper penetration depth, making it suitable for the treatment of tumors beyond the

superficial layers of tissue.
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4.2 Materials and Methods
4.2.1 Cell line and culture conditions

The human epidermoid carcinoma cell line A431 (ATCC® 1555™ USA) was used
and grown by adhesion in Dulbecco’s Modified Eagle’s Medium (DMEM) High Glucose
(Cultilab, Brazil) with 10% (v/v) fetal bovine serum (FBS, Cultilab, Brazil). Cells were
maintained at 37°C under a humidified atmosphere of 5% CO2.

4.2.2 Photobiomodulation Therapy

For in vitro PBMT, cells were illuminated using a LED array system (Biotable®
780 nm, MM OpticsLtda., Brazil) at 780nm, 30 mW /cm? at a total energy density of
5J/cm?, delivered in 3 min and 53 s. For in vivo experiments, the same energy density of
5J/cm? was given using a GaAlAs diode laser system (Twin Flex Evolution MM Optics®,
MM OpticsLtda., Brazil) at 780 nm, 20 mW /cm? and a spot area of 4.0 mm?, which
delivered the desired energy density in 10 s.

4.2.3 Radiotherapy

Irradiation was performed in an XRAD 225x X-ray cabinet (Precision X-ray Inc.,
USA) at 225 kV and 13.3 mA for all conditions. In vitro experiments were performed at 33
cm source-to-specimen distance (SSD) using a 2.0-mm aluminum filtration, yielding a dose
rate of 4.0 Gy/min. In vivo irradiation was conducted at a dose rate of 1.7 Gy/min with a
0.3 mm copper filter, with a 40 cm SSD from the shelf and an offset of 1.5 cm to account
for the tumor position in relation to the table, using a cylindrical lead collimator that
conformed a 1.8 cm diameter field limited to the tumor area. Animals were irradiated in a
prone position under inhalatory anesthesia. Groups that were not given ionizing radiation

were sham irradiated in all experiments.

4.2.4 MTT proliferation assay

Cells were inoculated in 96-well plates at a density of 1x104 cells/well 24h before
experiments. Cell viability 48h and 72h after PBMT was analyzed by the MTT assay (3-
(4,5-dimethylthiazol-2yl) -2,5-diphenyltetrazolium bromide). Cells were incubated with
MTT at 0.5 mg/mL in DMEM 1% FBS without phenol for 3h. Then, medium was re-
moved and 100 1 of dimethyl sulfoxide (DMSO) was added to dissolve the formazan crys-
tals. Absorbance at 570 nm was read at a microplate reader (Multiskan™FC Microplate
Photometer, ThermoFisher Scientific, USA) and corrected by absorbance at 690 nm. Two

independent experiments were performed in quintuplicate for each group.
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4.2.5 Cell cycle assessment

To perform the flow cytometric analysis of the cell cycle, PBMT was performed
in duplicate as described in the MTT assay, but in 24 wells-plate (1x105 per well in 500
1). Cells were trypsinized 24h after illumination, washed with phosphate-buffered saline
(PBS) and fixed with cold 70% ethanol and stored at -20 °C for at least 12h. Then,
cells were collected via centrifugation (at 400 x g for 5 min, room temperature) and
resuspended in staining buffer of 50 g/ml propidium iodide (BD Biosciences, USA) in
PBS, 0.1 mg/ml RNase (Sigma-Aldrich, USA) for 40 min. Samples were analyzed in an
Accuri C6 flow cytometer (BD Bio-411sciences, USA), and cell cycle was determined using
FlowJo software univariate analysis (BD Biosciences, USA). The results shown are from

4 independent treatments (N=4).

4.2.6 Clonogenic assay

To evaluate cell survival after irradiation, cells were seeded at 250 cells/well in
24 wells plates, in quadruplicate, then incubated overnight. Then, illumination was per-
formed and cells were then incubated for 24h until radiation therapy was given. Immedi-
ately after, the second session of PBMT was applied and cells were left in the incubator
for 24h, until the second session of irradiation. Analogous to the first session of radia-
tion, cells were then given the third session of PBMT, which was followed by the last
irradiation, 24h later. Summarizing, the protocol consisted in 3 x (PBMT- 24h — RT).
A schematic representation of the treatment regime is shown in Figure 4. To obtain a
survival curve, the following doses were used: 3 x 33 cGy (1 Gy total); 3 x 80 cGy (2.4 Gy
total); 3 x 150 cGy (4.5 Gy total). 7 days after the last irradiation colonies were fixed and
stained (0.5% crystal violet, 20 % methanol, Sigma-Aldrich, USA) for 15 min at room
temperature, then rinsed in tap water and let to air dry. Afterwards, the number of cell
colonies per dish were counted and the relative survival fraction was calculated as the ra-
tio between the number of colonies formed in each treated well and the mean number for

the control group. Three independent experiments were performed to obtain the curves.
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In vitro treatment protocol
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Figure 4 — Schematic representation of the treatment regimes in vitro.

Source: Elaborated by the author.

4.2.7 H2AX- assay immunolabeling

The number of radiation-induced foci (RIF) after fractionated treatment regime
was evaluated with two protocols: (a) 1 h after the last session of a 3 x 0.8 Gy proto-
col; and (b) 0, 1 and 5 h after the last session of a 3 x 0.33 Gy protocol. For both, 200
cells per well were seeded in 96 black wells/clear bottom plate (Corning® CLS3603, Ger-
many) and incubated overnight. The treatment regimen used was the same as described
in the section “Clonogenic assay”, consisting in 3x (PBMT - 24h - RT). Then, after the
last irradiation, cells were stained with Alexa Fluor® 488 Mouse anti-H2AX (pS139) an-
tibody (BD Pharmingen™ USA) as recommended by the manufacturer. Shortly, cells
were fixed with 3.7% Formaldehyde in PBS for 10 min, then permeabilized with ice cold
90% methanol for 5 min and blocked with 3% FBS in PBS, all performed at room tem-
perature. Additionally, wells were washed two to three times with PBS prior to each of
these steps. H2AX-gamma antibody, 1:10 diluted, was incubated at a volume of 50 1 per
well for 1h in the dark. Imaging was performed with a fluorescence confocal microscope
(Zeiss325- LSMT780, Zeiss, Germany) at an excitation/emission wavelength of 488/519 nm
at 400x magnification. Semi-automatic RIF detection and analysis was used with Python
programming language. In it, a Gaussian bilateral filtering to reduce noise in the image
was employed. Then a 41x41 kernel was used to select potential RIF based on local inten-
sity (derived from the kernel) and global intensity (derived from the image’s histogram)
to create a preliminary mask. The original image was filtered with this mask and the
resulting image was further refined, based on local average intensity, with a 15x15 kernel
where pixels below this average value are discarded. Finally, connected-component anal-

ysis was performed (using 4-neighborhood) and regions smaller than a user-defined size
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were discarded. The remaining regions were counted and their sizes recorded. For the 3 x
0.8 Gy protocol, two independent experiments were performed in triplicate for each one,
with 10 microscopic images/well (N=2). For the RIF kinetics evaluation (3 x 0.33 Gy),
three independent experiments were performed, with wells in duplicate and 6 microscopic

images/well for each group (N=3).

4.2.8 Animals and tumor model

In vivo procedures were approved by the Animal Use Ethics Committee of the Sao
Carlos Institute of Physics at the University of Sao Paulo (protocol number 3632181018).
Xenograft tumor induction was performed as previously described (38), with the A431 cell
line experiments. Intradermal injection containing 106 suspended cells in 30 L of PBS was
given in the right flanks of the animal under inhalatory anesthesia with isoflurane. Tumor
growth was assessed though volume, where a spherical volume was es-timated for each
tumor from the average radius obtained from two diameter measurements, perpendicular
to each other, and the diameter in depth, obtained using a vernier caliper. Mice were
randomly assigned to each group in a total N=7 per sub-group. Sub-groups consisted of
different intervals of the tumor’s initial volume of treatment (sub-group 1: 30-40 mm3,
sub-group 2: 40-55 mma3). The initial volume of treatment (V;,) was defined as the tumor
volume on the day of the first irradiation. The survival endpoint for each animal was
determined as the day the tumor reached six times its V;,, when animals were euthanized

by isoflurane overdose and tumor biopsies were taken.

4.2.9 Kaplan-Meier survival analysis

Throughout the study period, tumor volumes were evaluated daily. Treatment
protocols consisted in three sessions of (PBMT- 24 h — RT- 24 h). The first PBMT
illumination, or sham, was given when tumors first reached a volume 304+3 mm3 for
sub-group 1 and 40+4 mm3 for sub-group 2, at day 0. Then, after 24 h, irradiation was
performed with a dose fraction of 5 Gy. Summarizing, the treatment protocol consisted
in PBMT /sham given at days 0, 3 and 5 and RT /sham was given at days 2, 4 and 6. A
schematic representation of the treatment regime is shown in Figure 5. Survival curves
and median survival estimation was obtained through the Kaplan-Meier estimator (39),
and statistical significance between the curves was evaluated using a log-rank test. (40)
Animals lost in anesthesia or that did not reach the endpoint tumor volume are shown as

censored.
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In vivo treatment protocol
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Figure 5 — Schematic representation of the treatment regimes in vivo

Source: Elaborated by the author.

4.2.10 Optical Coherence Tomography

The necrotic volume of the tumors was estimated from OCT volumetric images
obtained from the day 5 of the study period until the animals were euthanized. The
mean values for each group were initially obtained from 9 animals/group and, by the end
(day 16), from at least 3 animals/group, since many were euthanized in the course of the
analysis. For the acquisition of OCT images, animals were anesthetized, as previously de-
scribed, in lateral recumbent position. A spectral domain OCT system (Telesto, Thorlabs,
Germany, 1300 nm light source) was used to obtain the images from a region selected by
the user (examples of selected regions with its correspondent images and 3D volumes are

shown in Figure 6).

Figure 6 — Images of a PBM-RT tumor obtained on day 7 with the OCT equipment.
a) Image from the CCD camera of the system, showing the selected scanned
area. B) OCT 2D image from slice 136 of the xz plane. c¢) System software 3D
reconstruction of the tumor from the OCT scan.

Source: Elaborated by the author.
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The contour method (41) was implemented to identify the necrotic regions by
differences in contrast of each 2D section of the OCT file (an example of the process-
ing routine is shown in Figure 7). Once the section was identified, the 3D volume was
constructed summing all 2D sections (300 slides in x, y axes and 1024 in z axis) using

resolution and parameters obtained from the OCT files.

Input Image Initialization

250 Iterations Global Region-Based Segmentation

Figure 7 — Steps of the OCT image processing. Section identification from the routine
computational tool used to identify the 2D section in the xz plane. The imput
image corresponds to a PBM-RT tumor on day 7.

Source: Elaborated by the author.

4.2.11 Histological evaluation

Elliptic skin biopsy from the tumor area was removed from each animal and put in
individual pre-identified recipients with 1% buffered formalin. After tissue fixation, tumor
representative fragments were submitted to histological processing, consisted of dehydra-
tion in ethanol, clearing in xylem and embedding in paraffin. At least six serial histological
sections (4m thick) were obtained per biopsy and distributed in two different slides, one
for hematoxylin and eosin (HE) stain and other for Masson’s trichrome. Then, slides were
digitized on a histological slice scanner (Panoramic DESK, 3DHISTECH, Hungary). A
total of 13 slides per group were used for each analysis, which were coded and blindly
evaluated. A pathologist performed the assessment of differentiation grade and mitotic
count, which were performed using an Olympus® BX51 microscope (Olympus, Japan),
and supervised the quantification of mean vascular density (MVD) and necrotic area, per-
formed with the Case Viewer Software® (3DHISTECH, Hungary). Differentiation grade
was classified as undifferentiated (I), poorly (II), moderately (III) or well differentiated
(IV). Mitotic activity was performed by counting the number of mitoses in 10 consecutive

high-power fields (HPF), then the sum of mitoses per animal was used to calculate the



56

mean for each group. For the quantification of necrosis, necrotic areas of each tumor from
HE stained slides were contoured, summed and divided by the total tumor area to obtain a
relative parameter. MVP quantification was performed using Masson’s trichrome stained
slides. Five circular 40x field of view (FOV) circles were placed in different regions of the
viable tumor (necrotic areas excluded), and vessels within them were quantified at 400x
and divided by the total area of the circles to obtain the mean vascular density (MVP)

of the tumor. Individual vessels were defined as single or grouped endothelial cells, with

or without lumen.

4.2.12 Statistical analysis

All quantitative data were described as means + SD deviation. ANOVA followed
by the Tukey test was applied to estimate the differences between two means for normal
distributed data, and the Kruskal-Wallis ANOVA test was used when the results rejected

normality. A value of P < 0.05 was considered to be statistically significant.

4.3 Results

4.3.1 Impact of PBMT on G2/M fraction and proliferation

The cell cycle distribution was assessed 24 h after PBMT. As shown in Figure 8,
there was a statistically significant increase of 27% in the G2/M fraction compared to
the control. However, the increase in G2/M cells did not result in statistically significant
variations in proliferation 48 h or 72 h after PBMT. Still, we observed a slight increasing
trend at 48 h, and a decreasing trend at 72 h.

70 - - - 18
a) [_|cCt 1

60 : I rev | b) 161 |
g 4] J
o 50 ]
2 212
= 5 1 .
g 407 2104 T
2 o
o
530— T ~ % 0,84
= * ]
s (0 0,6
0_20_
& - T 04 4

10 ' 1

1 Olz_
0 00 '

L U
GO/G1 S Gam Ctrl 48h PBM 48h Ctrl 72h PBM 72h

Figure 8 — Cell cycle and MTT assay results. (a) Cell cycle distribution for A431 cells
24 h after PBMT (5 J/cm?) compared to the control (N=4); and (b) relative
viability 48 h and 72 h after illumination (N=2). The symbol (*) indicates p
< 0.05.

Source: Elaborated by the author.
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4.3.2 PBMT impact on radiation effect of fractionated protocol

In a clonogenic assay, protocols of PBMT, radiation and the combination of them
were tested, with a fluence rate of 5 J/cm? and 780 nm for the illumination, as a function
of radiation dose (Figure 9). Radiation induces cell death and loss of integrity, which
cause a clear reduction in the number of colonies in the irradiated groups. Additionally,
at 2.4 Gy, PBMT enhanced this effect in comparison to radiation alone, with statistical
significance (p < 0.05). Since the doses testes did not result in survival values lower than

1%, the curves could not be adjusted to a linear quadratic model.
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Figure 9 — Clonogenic assay as a function of total dose. The symbol (*) denotes p < 0.05
between PBMT and Ctrl groups of the same dose (N=3).

Source: Elaborated by the author.

With respect to DNA damage, double-strand breaks (DSBs) are the most relevant
type since they lead to incorrect repair, the main cause of mitotic catastrophe and loss
of viability. Therefore, it is important to quantify them when comparing the radiosen-
sitizing effect of any strategy. One common and well accepted way to do so is through
staining the first proteins that are recruted to repair DSBs. The fluorescent staining is
shown in microscopic images as radiation induces foci (RIF). Here, were estimated RIF
by H2AX-gamma foci after three-session protocols. Examples of microscope images from
each protocol are shown in Figure 10. RIF assessed 1 h after the last fraction of a 3 x
0.8 Gy protocol, which corresponds to the point where PBMT-RT and RT are significant
different (Figure 9), is shown in Figure 11.
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Figure 10 — Microscopic confocal images (400x magnification) from H2AX- fluorescent
labeled cells. Irradiated cells from the (a) 3 x 0.33 Gy and (b) 3 x 0.8 Gy

protocols.
Source: Elaborated by the author.
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Figure 11 — RIF of all groups 45 min after a protocol of 3 x 0.8 Gy. The symbol (**)
denotes p < 0.01 (N=3).

Source: Elaborated by the author.

PBMT, RT and PBMRT are all significant different than the control (p < 0.05).
No difference is observed between RT and PBMRT. One aspect to consider, however, is
clustering, which is when a single focus presents multiple strand breaks. (42) This happens
when the assay resolution cannot distinguish between multiple breaks that happen too
close to one another because they form a single large focus of repair proteins. It was found

experimentally that clustering becomes relevant in vitro when doses reach 1 Gy, which
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may be influencing the result in Figure 11, since the fraction dose is 0.8 Gy, but the total
dose is 2.4 Gy. Therefore, we have performed an analysis with a total dose of 1 Gy (3x
0.33 Gy), shown in Figure 12, consisting in three time points after the last irradiation, to
observe the kinetics of DNA damage and investigate the effect of PBMT on DNA damage
and repair. The number of RIF /cell for the control group in this experiment was the same
as the one for the 2.4 Gy protocol (not shown). Statistical difference shown as (*) refers
to comparisons between RT and PBMT-RT regarding the time point. Compared to the
radiation only group, PBMT presented a significantly higher number of foci at 0 h and 1
h (p < 0.05), but the difference is not seen at 5 h. This indicates that, although PBMT
causes an increase in double-strand break (DSB), the mechanisms of repair were capable of
reversing that effect. Still, incorrect DSB repair may lead to mitotic catastrophe in future
generations of that cell, which should be investigated in future studies. When comparing
the results from the 1 Gy and 2.4 Gy protocols (Figures 11 and 12), we confirm the effect
of clustering at the higher dose, since there is a 2.4-fold between doses but only a 1.3-fold
increase in RIF /cell for the RT group and 1.07-fold increase for PBMRT. This indicates
that there is 46% of saturation for RT and 55% for PBMRT.
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Figure 12 — RIF kinetics for a protocol of 3x0.33 Gy. No statistical difference was observed
between RT and PBMT within the same time point (N=2).

Source: Elaborated by the author.

4.3.3 Impact of PBMT-RT on survival of tumor-bearing mice compared to radiation
alone

Relative tumor volumes 10 days after treatment with radiation (15 Gy alone; 15 Gy
with PBMT immediately before; 15 Gy with PBMT 24 h before) revealed no significant

difference among them (Figure 13). However, due to differences in the final necrotic area
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among groups, additional experiments were conducted to evaluate the protocols using the

Kaplan—Meier survival curve.
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Figure 13 — Tumor volumes 10 days after three treatment sessions. No statistical differ-
ence was observed (N=7).

Source: Elaborated by the author.

Two sub-groups corresponding to different initial volumes of treatment, V;,, were
studied for each treatment group. Results are shown in Figure 14. Overall, PBMT did
not reduce survival in mice compared to the control, and both groups presented a median
survival of approximately 10 days with no significant difference in the log-rank test. The
hazard ratio, which measures the relative curve slope of two groups (in this case, PBMT
over the control) was 1.004 (CI 95%: 0.485-2.080). As expected, radiation delayed tumor
progression, but the combination of PBMT and radiation yielded the best outcome (log-
rank p = 0.00784), with a median survival of 17 days compared to 13 days from the
RT group and a hazard ratio of 0.417 (PBMT-RT compared to radiation alone, CI 95%:

0.173-1.006). In addition, the only animal that presented a consistent regression in tumor
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volume was from the latter.
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Figure 14 — Kaplan—-Meier survival curves. The final point was defined as the day when
the tumor reached six times its initial volume of treatment, (N=14).

Source: Elaborated by the author.

Regarding the sub-groups (Figure 15), we observed that the V;, had no impact
on the curves, except for PBMT, in which subgroup 1, of the smaller initial tumors,
corresponded to a statistically significant decrease in survival compared to the sub-groups

in the control group.
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Figure 15 — Survival curves detailing the sub-groups’ response to treatment regarding the
Vin, showing no difference except for PBMT alone (N=7 for each sub-group).

Source: Elaborated by the author.

4.3.4 OCT and Histological evaluation

Optical coherence tomography was used to investigate in detail the progression
of the damaged tissue from the superficial ulceration areas. A comparison of final OCT
images and histological evaluation shows a correlation between tumor damage below the
superficial ulceration area and regions with a lower refractive index in OCT images. There-
fore, we quantified the volume of these regions from days 5 to 15 after treatment. Control
tumors were followed until day 11 because of their lower survival of approximately 10 days
(as seen in Figure 16). It is observed that both irradiated curves remained indistinguish-
able from the control until day 9, from which point PBMT-RT presented a significant

increase, with statistical difference from the other groups.
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Figure 16 — OCT evaluation results for the necrotic volume on the tumoral superficial
layers. (a) Top view from a tumor showing the delimitation of the OCT
reconstruction volume, shown in (b); and in (c¢) the mean damaged volume
from irradiated groups over time (N=9 initially and N=3 by the end, since
many animals were euthanized before reaching 16 days).

Source: Elaborated by the author.

Histological evaluation with HE and Masson’s trichrome staining was performed
on tumors after reaching six times the initial treatment volume. Quantification of mitosis,
differentiation grade, mean vascular density, and necrotic area are shown in Figure 17

(examples of histologic fields for each parameter is shown in Figure 18).
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Figure 17 — Differentiation grade (a), mitotic count (b), mean vascular density (c), and
relative necrotic area for all groups in vivo. The (*) symbol represents statis-
tical significance (p < 0.05) from the control (N=13).

Source: Elaborated by the author.
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Figure 18 — Histologic images representing the parameters analysed in the study. All are
stained with haematoxylin eosin staining except for (d) which is marked with
Masson’s trichrome. (a) Tumor showing well differenciated area - 200x, (b)
Tumor showing poorly differenciated area - 200x, (c) Mitoses (arrow) - 400x,
(d) Vessel’s wall Masson’s trichrome - 400x and (e) Tumoral necrosis - 200x.

Source: Elaborated by the author.
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4.4 Discussion

PBMT in the supportive care of oncological patients has attracted increasing in-
terest over the last few years owing to its low cost, effectiveness, and wide range of
applications. Its safety on normal cells is well known, including wounds, inflammation
and normal tissue sparing in radiotherapy patients. In a clinical trial by Antunes et al.,
in which PBMT was used as supportive care to prevent and treat mucositis, the au-
thors reported an increase in the progression-free survival of PBMT patients compared
to the placebo group and a better overall survival. (37) No adverse effects were observed
in patients, and the protection of normal irradiated tissue alone improves radiotherapy
outcomes; however, there remains a concern related to its effect on cancer cells. Three
recent reviews have shown that the wide range of results is mostly due to a lack of stan-
dardization of illumination parameters. (6,28,29,31) Bensadoun et al. stated that there
are significant and growing indications in both in vivo and clinical trials that PBMT is
safe and effective, and that it may even improve overall patient survival. In addition, a
few studies have reported its potential to sensitize cells to radiation (6). In this study, we
presented in vitro and in vivo evidence of its potential as a radiosensitizer in preclinical
models, in addition to indications of its safe use on tumors, using a protocol of 780 nm
at a fluence rate of 5 J/cm?. Our in vitro results demonstrated no effect of PBMT on the
proliferation of human skin cancer cells, A431 cell line. There is a modulation effect on
the cell cycle after one session, with an increase in the G2/M fraction. However, it did
not significantly alter proliferation, and there was a tendency to increase at 48 h, but,
at 72 h, the MTT signal for PBMT cells was lower than that of the control. We believe
the evidence from one session indicates a cumulative effect in the three-sessions treatment
protocol. The clonogenic assay, for example, corroborates to the MTT results, as it showed
a tendency for a decrease in the number of clones 7 days after the end of the protocol
(comparison between control and PBMT for the 0 Gy point), but no significant difference
between them. If we consider that this result is not limited to this cell line and illumina-
tion protocol, the different in vitro results observed in the literature may have resulted
from the effect of PBMT over time. From the studies employing 780 nm in vitro, we see
that the results reporting increased proliferation were analyzed 24 h after PBMT, and in
the one that analyzed cancer cells at 24-72 h, the same behavior observed in this study
was reported. (43) Additionally, Schalch et al. did not observe increased proliferation in
SCCOI cells at any time after illumination. (44) Another evidence that corroborates to the
hypothesis that the PBMT effects observed after one session are cumulative is the appar-
ent relationship between the cell cycle modulation and the clonogenic assay. The increase
observed in the G2/M fraction may be the cause of the enhancement of the radiation
effect in A431 cells, as seen in Figure 2. Nevertheless, to confirm that, future experiments
investigating PBMT effects throughout the treatment protocol are needed. To investigate
whether PBMT could impact DNA damage after radiation, we have performed a RIF
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quantification with H2AX-gamma labeling. In the 3 x 0.33 Gy protocol, we observed, at
initial times (Oh and 1h), a significant higher number of RIF/cell in the PBMRT group
compared to RT. As previously stated, this result may be due to an increase in DNA dam-
age, since a decrease in efficient repair is unlikely. Recently, Hoorelbeke et al. showed that
Ca2+, ATP, ROS and NO act as propagators of DNA damage, increasing DSB in non-
irradiated bystander cells. (45) Interestingly, these molecules are also upregulated after
PBMT and act as mediators of their effects (5) Therefore, the propagation of DNA dam-
age by these messengers may be enhanced by combining PBMT and radiation. Comparing
both protocols, we were able to observe that clustering has a significant impact on the 3 x
0.8 Gy one. We propose future experiments with different time points and doses, as well
as an analysis of repair mechanisms, to investigate this effect. Despite causing statistically
significant enhancement of radiation, PBMT effects in vitro are modest. However, results
in tumor xenografts indicate that the improvement of RT by PBMT is greatly enhanced
in vivo, indicating that systemic effects are an important mechanism of the synergy. From
the first experiments on mice, we hypothesized that the PBMT effect may appear later
than the time point that was analyzed, so a Kaplan—Meier survival curve was constructed
after treatment (Figures 14 and 15). From it, it is clear the enhancement of the radiation
effect appears around day 12. It increased median survival in 30% and resulted in a haz-
ard ratio of 0.417, within the confidence interval, indicating that PBMT decreased the
death rate by 58.3% compared to RT. Additionally, in the PBMT-RT group there was
an animal that presented not only a decrease in the growth rate, but a consistent tumor
regression after treatment. Regarding PBMT alone, we observed that the initial tumor
volume had impact on the curves, in which subgroup 1 (the smaller V;,) corresponded
to a small but statistically significant decrease in survival compared to the sub-groups in
the control group. Therefore, further studies should investigate the safety of PBMT alone
in tumors of varied sizes. Using OCT, we could demonstrate the effects of the PBMT-RT
combination over time, by quantifying superficial damage on the tumors after treatment.
OCT is a non-destructive or invasive technique that has been shown to detect necrotic
regions in tumors as lower refractive index regions. (46-48) PBMT-RT induced a signif-
icantly higher damage than the RT group, which was visible from day 11 to the end of
the experiment. RT presented a mean damaged volume curve that was similar to that of
the control for the days on which we had data from both. These observations agree with
the survival results, as they indicate that the viable tumor fraction in PBMT-RT was
lower than that in RT, which caused a decrease in tumor growth. From the histological
analysis, we found evidence that help us understand the results from the survival curves
and OCT measurements. Mitotic count, which is a measure of proliferation in vivo, was
reduced in all groups compared to that in the control. This corroborates the fact that
the illumination protocol used did not induce proliferation. Radiation is known to reduce

the mitotic index, and we observed that irradiated groups did not behave differently with
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respect to this parameter. (49) Moreover, PBMT alone increased differentiation and vas-
cular formation, resulting in a tendency for a decrease in necrotic area compared to the
control (Figure 18). Because the mean vascular density was defined from non-necrotic
areas only, it is unlikely that the increase in MVP was a consequence of the larger viable
tumor area in the PBMT group. In fact, we believe that the reduced necrosis may be a
result of a higher and more efficient vascular system due to increased angiogenesis and
differentiation, which decreases hypoxia. The decrease in hypoxia also contributes to in-
creased radiation damage, as hypoxia is the main cause of tumor radioresistance. (50) As
a result, this may have contributed to the longer survival in the PBMT group. Do Valle
et al. recently published a study showing that PBMT induces an increase in blood flow
and a vascular supply of illuminated wounds through the direct recruitment of pericytes
to the injury site. (51) In future PBMT-RT combination studies, it would be interesting
to investigate this mechanism along with the occurrence of metastasis, since increased
vascularization may lead to migration of tumor cells. A431 tumor have a low metastatic
potential, so it is not an adequate model for that analysis. (52) As expected, necrosis was
significantly higher in the irradiated groups, with a tendency to increase in the animals
receiving PBMT. Despite agreeing with the behavior observed in the OCT results, the
differences were not as significant. One possible explanation for this is that the difference
observed in the area becomes more relevant when integrated into a volume. Secondly,
because the OCT maximum depth was about 1 mm, the measurements were limited to
superficial necrosis, while histological analysis was based on the whole cross-sectional area
of the tumors. Therefore, this difference may indicate that PBMT induced an increase in
necrosis limited to the top portion of the tumor. If so, it would show that there is a fluence
threshold for the effects that were observed because light is attenuated in the tissue, and
the number of photons reaching the bottom part of the tumor is exponentially lower than
at the surface. Hence, we reiterate the importance of understanding and standardizing

the illumination protocols.

4.5 Conclusions

To date, there have been no studies on the impact of PBMT on tumor growth
in vivo or on the radiomodulatory effect of 780-nm illumination on tumor cells, whether
in vitro or in vivo. The results shown are promising, indicating that PBMT should be
explored as an inexpensive, non-invasive technique that improves treatment outcomes by
enhancing tumor eradication and reducing the adverse effects of radiation. With respect
to PBMT alone on tumors, our results corroborate the safety of PBMT in the protocol
presented, as there is no effect on proliferation, shown by two different assays. Never-
theless, future in vitro studies are encouraged, using different methods and cell lines,
which should be analyzed over an extended period of time to investigate proliferation

because there may be negative feedback after the initial effects of PBMT. Furthermore,
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PBMT increased differentiation and vascular density, which, combined with radiation,
was proven to be safe and beneficial to all initial tumor volumes, significantly increasing
tumor damage and mouse survival. The combination was also positive in vitro, despite

modest, increasing cell death and DSB by radiation through cell cycle modulation.
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5 CONCLUSIONS

The aim of this study was to study the potential of PBMT in enhancing standard
oncological treatments. For that, we initially investigated the molecular basis of PBM in
cancer cells in order to understand its isolated effects. We showed that it can decrease the
redox state of oral cancer as well as increase the fraction of dividing cells through distinct
pathways than in normal cells. These metabolic modulation indicated PBMT potential
in impacting the outcome of photodynamic therapy, since its target is the mitochondria.
So we investigated that combination in oral cancer cells and observed that, for one cell
line, PBMT increased the photosensitizer uptake and, consenquently, decreased survival.
Additionally, as mentioned above, the experiments of PBMT alone showed that it modu-
lates the cell cycle, which is one of the most important factor determining radiosensitivity.
For that reason, combined with the knowledge that the most successful PBMT applica-
tion is the prevention and reduction of morbidities in radiotherapy patients, we studied
associating PBMT with ionizing radiation in an in vitro and in vivo model of squamous
cell carcinoma. We demonstrated that this association increased DNA damage and death
in cells and tumor regression in mice. Results indicate that the mechanism underlying
these results is likely to be the modulation of the cell cycle and angiogenesis, causing an

increase in necrosis when combined with radiation.

Thus, we have increased the amount of evidence suggesting that PBMT is a pow-
erful tool to modulate biological processes in order to achieve specific biological effects.
With that, it is possible to manipulate medical conditions and treatments in order to
achieve better outcomes, such as sensitizing tumors to oncological therapies. Therefore,
we believe that the field of PBMT is worth exploring, for its benefit-cost ratio and simple

protocols, along with the possibility of improving cancer treatment.
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