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Effect of Photobiomodulation Therapy in an In Vitro Model of Lung Adenocarcinoma


ABSTRACT 

	Aims: To evaluate the dosimetric parameters and biological effects of photobiomodulation in an in vitro model of urethane-induced lung adenocarcinoma. Specifically, to quantify inflammatory mediators (IL-6, IL-8, IL-10, IL-1β, and IFN- γ) and assess the functional activity of BEAS-2B cells after irradiation with low-level laser therapy (LLLT) at two energy densities (3J and 7.5J).  
Study design: An experimental in vitro study using BEAS-2B bronchial epithelial cells exposed to urethane and treated with LLLT at 660 nm.
Place and Duration of Study: Department of Medicine-Biophotonic, Universidade Nove de Julho, Campus Vergueiro, São Paulo, Brazil, between march 2020 and December 2022.
Methodology: BEAS-2B cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 1% glutamine, and 100 U/mL gentamicin. After 24 hours, cells were incubated with urethane (375 μg/mL) for 1 hour and then irradiated with LLLT (3J or 7.5J, 660 nm). Supernatants were collected after 24 hours for cytokine quantification. Four experimental groups were established: (1) Control (untreated cells), (2) LLLT (cells irradiated without urethane exposure), (3) Urethane (cells treated with urethane only), and (4) Urethane+LLLT (urethane-treated cells irradiated with LLLT).
Results: The urethane group showed a significant increase in IL-1β, IL-6, and IL-8 levels and a decrease in IL-10 compared to the control group. Conversely, the Urethane+LLLT group exhibited a reduction in IL-1β, IL-6, and IL-8 levels and an increase in IL-10 and IFN- γ compared to the urethane group. 
Conclusion: Photobiomodulation demonstrated beneficial effects at both 3J and 7.5J, though the 3J energy density provided the most pronounced anti-inflammatory response in urethane-exposed BEAS-2B cells. Further in vivo studies are required to validate these findings and explore the therapeutic potential of LLLT in lung cancer models.
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1. INTRODUCTION

Lung cancer is one of the most aggressive malignancies worldwide, strongly linked to tobacco consumption. Its increasing morbidity underscores the urgent need for improved treatment strategies, as it remains a leading cause of cancer-related mortality (Alberg et al., 2013). Due to its high lethality, global survival rates show little variation across regions. However, the lack of comprehensive cancer registries limits accurate epidemiological assessments, with only one-sixth of the global population having access to reliable cancer data (Bade et al., 2020). Lung cancer incidence and mortality trends reflect historical smoking patterns, with men exhibiting higher smoking rates and mortality compared to women (Barta et al., 2019).

Despite advancements in cancer research, lung cancer continues to be the leading cause of cancer-related deaths in both sexes (Fitzmaurice et al., 2015). In 2018, GLOBOCAN estimated 2.09 million new cases (11.6% of all cancers) and 1.76 million deaths (18.4% of all cancer-related deaths), surpassing previous statistics (Bray et al., 2018). By 2020, global cancer incidence reached 19 million cases, with 10 million deaths, and lung cancer ranking among the ten most frequent malignancies (Sung et al., 2020). In Brazil, the National Cancer Institute (INCA) estimated 30,000 new lung cancer cases and 29,000 deaths in 2020. Studies indicate that lung cancer mortality is higher in men, though an increasing trend has been observed in women due to historical changes in smoking habits (Souza et al., 2012). Tobacco remains the primary cause, promoting epithelial damage, oxidative stress, and genetic alterations that drive tumor development (Bhargava et al., 2020).

The immune system plays a crucial role in maintaining tissue homeostasis, protecting against pathogen invasion, and eliminating damaged cells. Both innate and adaptive immune responses are key determinants in epithelial carcinogenesis (Abrahamse & Crous, 2013). Lung cancer, however, is a potent suppressor of immune responses, promoting both local and systemic immunosuppression and impairing cytotoxic T lymphocyte (CD8) function (Basford, 1995). Tumor cells create an immunosuppressive microenvironment that inhibits effector T-cell activity, favoring neoplastic progression (Matic, 2003). Hypoxia within tumors further enhances this effect by stimulating macrophages to release pro-angiogenic factors, facilitating neoplastic growth through increased vascularization (Stadler et al., 2004).

Each tissue exhibits a unique inflammatory response to neoplasia, impacting the immune landscape differently. In lung adenocarcinoma, high T-cell infiltration, secondary lymphoid structures (CD4+ T cells and dendritic cells), and immune checkpoint blockade are commonly observed (Sommer et al., 2001). Dendritic cells (DCs) play a critical role in adaptive immunity by capturing and presenting foreign antigens to immune cells, contributing to tumor surveillance and being associated with better prognostic outcomes (Passarella et al., 1980; Wan-Ping et al., 2007).

During carcinogenesis, tumor cells develop mechanisms to evade immune-mediated destruction by downregulating antigen expression and inhibiting T-cell activation. This immune evasion process occurs in three phases: (1) Elimination, where mutant cells are detected and destroyed, initiating cancer immune surveillance; (2) Equilibrium, in which dormant tumor cells with reduced immunogenicity persist while maintaining a balance with antitumor immunity; and (3) Escape, where cancer cells establish an immunosuppressive network to evade immune attack, leading to tumor progression (Schindl et al., 1998; Masha et al., 2013).

The tumor microenvironment employs multiple mechanisms to suppress antigen presentation and resident DC function. Tumor-derived chemokines (e.g., CCL22) recruit regulatory T cells (nTregs), which, upon activation, suppress effector T-cell responses. Additionally, tumor-associated antigens (TAAs) are taken up by dysfunctional DCs, further impairing immune activation. The release of immunoregulatory cytokines IL-10 and TGF-β from tumor cells enhances immune suppression, while VEGF production promotes angiogenesis, collectively fostering tumor immune evasion (Bellanti, 2012).

To better understand lung cancer pathology, functional assessments of cancer cells were conducted, which may assist in early detection, treatment, and prognosis. Currently, lung cancer diagnosis primarily relies on clinical symptoms, often leading to detection only at advanced stages. Numerous potential biomarkers for early lung cancer detection have been explored (García-Río et al., 2022). However, no clinically applicable tools exist due to challenges in sensitivity, specificity, and the functional relevance of these mediators in lung carcinogenesis.

In terms of therapy, angiogenesis inhibitors have emerged as a promising approach for personalizing lung cancer treatment. Despite their potential, resistance to these therapies often leads to significant side effects. Thus, the challenge lies in identifying the most effective combination therapy for each patient, minimizing side effects while providing optimal treatment (Zhang et al., 2014).

Current treatments include radiotherapy, chemotherapy, and surgical resection, depending on the tumor's location and operability. However, with technological advancements, alternative therapies are being explored, including low-level laser therapy (LLLT), which has shown promise in several studies (Kiro et al., 2017;  Zecha et al., 2016).

LLLT generates controlled electromagnetic radiation (ranging from 180 nm to 999 nm) (Tuner & Hode, 2004), with effects depending on wavelength and power. It induces biological changes at the cellular level without generating thermal effects. By stimulating mitochondrial activity, LLLT enhances ATP production, cAMP synthesis, and enzymatic activity, influencing DNA and RNA synthesis. Clinical applications include wound healing, neuropathy treatment, and improved microcirculation.

Photobiomodulation has shown promise in managing chemotherapy and radiation side effects, such as oral mucositis (Zecha et al., 2016). However, concerns remain regarding its effects on malignant cells due to cellular heterogeneity (Sonis, 2019; Silveira et al., 2019). While studies suggest benefits (Hamblin et al., 2018; Paglioni et al., 2019), others highlight risks of increased tumor cell proliferation (Kara et al., 2017).

Photodynamic therapy (PDT) is another promising approach, inducing oxidative stress in tumor cells to trigger cell death. PDT enhances immune responses by activating antigen-specific T cells (Trinh et al., 2015). However, discrepancies in study results highlight the need for standardized protocols (Bensadoun et al., 2020).

This study evaluates photobiomodulation therapy’s effects in an in vitro lung adenocarcinoma model induced by urethane. Two energy densities (3J and 7.5J) with a red wavelength (660 nm) were tested on bronchial epithelial cells (BEAS) stimulated with ethyl carbamate.

2. MATERIAL AND METHODS

2.1 - Cell line – BEAS

The human BEAS-2B cell line was cultured in RPMI 1640 medium (Gibco, Carlsbad, CA), supplemented with 10% fetal bovine serum, 100 U/ml gentamicin, and 1% glutamine. The cells were counted (1 x 10^5 cells/well) and plated in 6-well plates. After 24 hours of culture, the cells were incubated with urethane (375 µg/ml). After 1 hour of culture, the plates were irradiated or not with the 660 nm LBP. After 24 hours, the culture supernatant was collected for mediator dosage.
2.2 - Low-Intensity Laser
For laser application, a laser diode with an output area of 0.785 cm², output power of 30 mW, and a wavelength of 660 nm was used. The irradiation time was 60 s and 150 s, resulting in final energy doses of 3J and 7.5J, respectively.
Table 1 - Characteristics of the light source and parameters
	Parameters
	Laser
	Laser

	Beam area (cm²)
	0.785
	0.785

	Output power (mW)
	30
	30

	Wavelength (nm)
	660
	660

	Irradiation time (s)
	60
	150

	Energy density (J)
	3
	7.5



2.3 - URETHANE STIMULATION AND LIL IRRADIATION
The cell cultures were divided into 4 experimental groups, arranged in 24-well plates, with 6 wells per group. The conditions applied to the groups were: Medium (cells only); LIL (cells irradiated with LIL); Urethane (cells stimulated with urethane); Urethane + LIL (cells stimulated with urethane and irradiated with LIL). For the laser application in the treated groups, a black irradiation filter paper was used to ensure that only the well where the application was made received the irradiation. Furthermore, the wells were arranged in such a way that there was at least one well between them, preventing overdose of laser exposure.
The laser application in the Urethane + Laser group was performed one hour after the stimulus. Cytokine levels were measured 24 hours after laser application.
2.4 - CYTOKINE AND CHEMOKINE QUANTIFICATION
The levels of IL-1β, IL-6, IL-10, IFN- γ, and IL-8 were quantified in the supernatant of the cell cultures using eBioscience ELISA kits, following the manufacturer's instructions.
2.5 - STATISTICAL ANALYSIS
The data (parametric distribution) were subjected to One-way ANOVA, followed by the Student-Newman-Keuls test for comparisons between groups. The significance levels were adjusted to 5% (p<0.05). Graphs and statistical analysis were performed using GraphPad Prism 5.0 software.
3 - RESULTS AND DISCUSSION
3.1 Results 

The following results refer to the quantification of cytokines after irradiation with low-intensity laser at a wavelength of 660 nm, at two energy densities (3J and 7.5J).

In Figure 1, a significant increase in IL-8 levels in the BEAS culture supernatant is observed in the Urethane group compared to the Control and Laser 3J groups (Figure 1A) and 7.5J groups (Figure 1B). A significant reduction in this chemokine is observed in the BEAS culture supernatant in the group incubated with Urethane and irradiated with Laser 3J (Figure 1A) and 7.5J (Figure 1B) compared to the experimental group (Urethane).
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Fig. 1. Effect of photobiomodulation therapy on IL-8 levels in the BEAS culture supernatant.
Cells (5x10⁴) were incubated with urethane (375 µg/ml) and irradiated or not with LIL (660 nm): * P < 0.05; θ P <0.01; Φ P< 0.00; The data are represented as mean ± SEM of the experiments

In Figure 2, we observe a reduction in IL-10 levels in the BEAS culture supernatant in the Urethane group compared to the Control and Laser 3J groups (Figure 2A) and 7.5J groups (Figure 2B). On the other hand, an increase in the levels of this cytokine is observed in the BEAS culture only in the group incubated with Urethane and irradiated with Laser 3J (Figure 2A) compared to the Urethane group.
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Fig. 2. Effect of LIL therapy on IL-10 levels in the BEAS culture supernatant. 
Cells (5x10⁴) were incubated with urethane (375 µg/ml) and irradiated or not with LIL (660 nm): * P < 0.05; Δ P < 0.05; The data are represented as mean ± SEM of the experiments.

Regarding the IL-6 levels in the BEAS culture supernatant (Figure 3), we observe an increase in the Urethane group compared to the Control and Laser 3J groups (Figure 3A) and 7.5J groups (Figure 3B). Additionally, a reduction in IL-6 levels is observed in the BEAS culture only in the group incubated with Urethane and irradiated with Laser 3J (Figure 3A) compared to the Urethane group.
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Fig. 3. Effect of photobiomodulation therapy on IL-6 levels in the BEAS culture supernatant. 
Cells (5x10⁴) were incubated with urethane (375 µg/ml) and irradiated or not with LIL (660 nm):   **P < 0.01; θ P <0.01; The data are represented as mean ± SEM of the experiments.

In Figure 4, a significant increase in IL-1β levels is observed in the BEAS culture supernatant in the Urethane group compared to the Control and Laser 3J groups (Figure 4A) and 7.5J groups (Figure 4B). On the other hand, a significant reduction of this cytokine is observed in the BEAS culture of the group incubated with Urethane and irradiated with Laser 3J (Figure 4A) and 7.5J (Figure 4B) compared to the experimental group (Urethane).
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Fig. 4. Effect of photobiomodulation therapy on IL-1β levels in the BEAS culture supernatant.
Cells (5x10⁴) were incubated with urethane (375 µg/ml) and irradiated or not with LIL (660 nm): * P < 0.05; Δ P < 0.05;  The data are represented as mean ± SEM of the experiments.

In Figure 5A, no significant difference in IFN-𝛄 levels in the BEAS culture supernatant was observed in any of the studied groups. Interestingly, an increase in this cytokine is observed in the group incubated with Urethane and irradiated with Laser 7.5J (Figure 5B) compared to the Urethane group.
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Fig. 5. Effect of photobiomodulation therapy on IFN-𝛄 levels in the BEAS culture supernatant.
Cells (5x10⁴) were incubated with urethane (375 µg/ml) and irradiated or not with LIL (660 nm): **P < 0.01; The data are represented as mean ± SEM of the experiments. 

3.2 Discussion

Photobiomodulation is a form of phototherapy using red and infrared light to promote healing, reduce pain, and enhance overall well-being by stimulating physiological processes and restoring cellular balance. The appropriate dose and intensity of light for each tissue remain a topic of discussion in the literature. By inducing minor cellular stress, photobiomodulation helps the body adapt to a new equilibrium. Therefore, determining the optimal dose for each cell type is crucial to achieving homeostasis.
[bookmark: _heading=h.gjdgxs]
In a tumor environment, light stimulation can lead to unwanted effects such as cancer cell proliferation, recurrence, and secondary tumor development. Identifying the ideal light dose for each tissue is critical. Kara et al. (2017) investigated osteosarcoma and lung carcinoma cells (A549) irradiated with a Nd:YAG laser at different intensities (0.5, 1.2, and 3 W) and application frequencies (1, 2, or 3X). They observed increased tumor cell proliferation with higher application numbers compared to the control. Similarly, Stein et al. (2005) reported proliferation in human osteoblasts exposed to a He-Ne laser. However, Schartinger et al. (2012) found no proliferation in human oral carcinoma cells (SCC-25), highlighting discrepancies in the literature.

Numerous studies support photobiomodulation as a beneficial therapy in oncology, particularly for managing oral mucositis, lymphedema, radiodermatitis, and peripheral neuropathies. Paglioni et al. (2019) conducted a systematic review on its role in preventing and managing cancer treatment-related toxicity and found no evidence of tumor proliferation. Similarly, Bensadoun et al. (2020) reviewed phototherapy safety and efficacy in cancer patients, reporting conflicting in vitro findings due to parameter variability. Petrellis et al. (2017) analyzed Walker rat tumor cells (T 256) at different densities (1.3J and 6J) with three applications every two days. The 1J dose significantly increased IL-10 levels while reducing COX-2, leading to analgesia comparable to nimesulide administration.

Cancer research increasingly recognizes the immune system's role in tumor development, as tumor growth is often linked to immune suppression. Efforts to manipulate immune responses to target tumors are advancing, focusing on cytokine regulation and immune cell activation. Photobiostimulation can modulate inflammatory cytokines, influencing tumor microenvironments favorably.

This study analyzed the effects of low-power laser irradiation (660 nm) at 3J and 7.5J on cytokine and chemokine levels (IL-6, IL-8, IL-10, IL-1β, IFN-γ) in BEAS cell cultures. IL-8 was significantly elevated in the urethane group compared to the control and laser-treated groups. After laser irradiation, IL-8 levels decreased significantly, which is favorable as IL-8 promotes metastasis, angiogenesis, and inflammation (Kiss et al., 2020).

IL-6, produced by various cells including tumor cells and macrophages, is involved in immune defense and malignancy modulation. It promotes protein synthesis, neutrophil production, and B-cell differentiation but is also linked to tumor progression via apoptosis inhibition, angiogenesis, and drug resistance (Guo et al., 2012). Our study found that 3J laser irradiation reduced IL-6 levels in urethane-treated cells, suggesting a potential tumor-suppressive effect.

IL-1β, a pro-inflammatory cytokine associated with tumor progression, was significantly higher in the urethane group compared to control and laser-treated groups. Laser irradiation reduced IL-1β levels, indicating a beneficial effect of photobiomodulation in modulating the tumor microenvironment. Overexpression of IL-1β correlates with increased tumor activity, invasion, and angiogenesis, whereas its inhibition suppresses tumor progression and enhances immune surveillance (Karki & Kanneganti, 2019). IL-1β also activates M2 macrophages, which favor tumor growth (Garon et al., 2020).

IL-10, a cytokine with immunosuppressive and angiogenic properties, plays roles in wound healing, autoimmunity, and cancer. Our results showed significantly reduced IL-10 levels in the urethane group compared to others, indicating an acute Th1 inflammatory response. As tumors progress, IL-10 can facilitate immune evasion (Ni et al., 2020). While high IL-10 levels are often associated with poor prognosis (Sredni et al., 2004; Mannino et al., 2015), some studies suggest exogenous IL-10 stimulates CD8+ T cells, enhancing anti-tumor immunity (Wang et al., 2015; Naing et al., 2016). Our findings showed increased IL-10 in the 3J laser group, suggesting a potential anti-tumor benefit.

IFN-γ plays dual roles in tumor immunity, acting both pro- and anti-tumorigenically. It induces apoptosis in tumor cells via the JAK-STAT1-caspase pathway but also stimulates immunosuppressive mechanisms. Some studies show high IFN-γ levels can trigger apoptosis in NSCLC cell lines (A549, H460), though its non-specific interactions can cause side effects. In our study, 7.5J laser irradiation increased IFN-γ levels in urethane-treated cells, suggesting an anti-tumor immune activation through CD8+ T cells and Natural Killer (NK) cells. These findings align with the role of IFN-γ in enhancing tumor antigen presentation, inhibiting angiogenesis, and promoting tumor cell lysis.

Our study suggests photobiomodulation therapy may have beneficial effects on lung adenocarcinoma by modulating cytokine and chemokine levels. The 3J dose appears to favorably influence IL-10 expression in the tumor environment, while the 7.5J dose enhances IFN-γ production. Additionally, 3J irradiation reduced IL-6 levels, which are associated with tumor development. These promising in vitro findings warrant further investigation in animal models before clinical applications in lung adenocarcinoma treatment can be considered.

4. CONCLUSION

After quantifying several cytokines in urethane-induced BEAS cell environments, we found that the cytokines showed favorable results for photobiomodulation of the immune system, reducing the chances of immune escape.
Regarding dosimetry and IL-10, we observed favorable results with 3J in the tumor environment, while 7.5J stimulates IFN-γ in the lung. However, when comparing the two energy intensities, 3J reduces the release of IL-6, which favors tumor growth.
Therefore, photobiomodulation presents a promising treatment for lung adenocarcinoma, with better results observed at the 3J energy intensity. Further studies are needed to complement the laser's action, which directly affects tumor cells or the tumor microenvironment, with the aim of eliminating the tumor itself.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS

PDT - Photodynamic Therapy
FS - Photosensitizer
J - Joules
W - Watts
Nm - Nanometers
LIL - Low-Intensity Laser
cm² - Square Centimeter
λ - Wavelength
TGF-β - Transforming Growth Factor Beta
TNF-α - Tumor Necrosis Factor Alpha
IL-6 - Interleukin 6
IL-8 - Interleukin 8
IL-10 - Interleukin 10
INCA – National Cancer Institute
NSCLC - Non-Small Cell Lung Carcinoma
SCLC - Small Cell Lung Carcinoma
[bookmark: _heading=h.30j0zll]DC – Dendritic Cells
CD4+ T Cells – CD4 Lineage T Lymphocytes
CD8+ T Cells – CD8 Lineage T Lymphocytes
ATP – Adenosine Triphosphate
cAMP - Cyclic Adenosine Monophosphate
BEAS - Bronchial Epithelial Cells
TME - Tumor Microenvironment
EC - Ethyl Carbamate
[bookmark: _heading=h.wrrwtn7agbw8]DNA - Deoxyribonucleic Acid
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