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Abstract

Laser immunotherapy (LIT) is a new anti-cancer therapy combining photothermal therapy (PTT) 

and immunostimulation, which eliminates the tumors by damaging tumor cells directly and 

promoting the release of damage-associated molecular patterns (DAMPs) to enhance tumor 

immunogenicity. To evaluate the effectiveness and safety of LIT for cutaneous squamous cell 

carcinoma (cSCC) and identify the correlations of temperature increase with the cell damage or 

DAMPs productions, the cell viability and the DAMPs productions of cSCC A431 cells treated by 

water-bath heating in different temperatures were investigated. And LIT with the optimal thermal 

effect for DAMPs production was performed on the mice bearing ultraviolet-induced cSCC and 

the patient suffering from a large refractory cSCC. The temperature increase in 45 – 50 °C causing 

around half of A431 cells to die directly had an optimal thermal effect for the productions of 

DAMPs, which could be further enhanced by local application of imiquimod, an immunoadjuvant. 

LIT eliminated most tumors and improved the survival rate of the cSCC mice (p < 0.05). A patient 

with cSCC was treated by LIT with significant tumor reduction after LIT increased the amounts of 

lymphocytes infiltrating in the tumor. No obviously adverse effect was found in the patient. LIT 

within optimal thermal effects is an effective and safe treatment modality for cSCC.
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1. Introduction

Cutaneous squamous cell carcinoma (cSCC) is the second most common human skin cancer 

[1]. Left untreated, it may spread to other parts of the body, and it may ultimately lead to 

death [2]. Surgical excision is the first line of treatment for most cSCC, although other 

treatment modalities are also used depending upon the nature and site of the tumor and 

condition of individual participants [3, 4]. However, there are significant challenges when 

treating large, metastatic, and invasive cSCC, using conventional therapies [5].

The ultimate control of cancer has been suggested to lie in the host immune system [6]. 

Immunotherapy has been considered a promising treatment approach, and various strategies 

have been proposed, including dendritic cell-based vaccines, immune checkpoint therapy, 

cytokine therapy and immune-activating antibodies [7–9]. However, these immunotherapy 

strategies have yielded low response rates and most cancers still avoid or escape from 

immune control [10, 11]. Novel approaches are therefore needed to increase the efficacy of 

immunotherapy. Ideally, such novel approaches should not only destroy local tumors, but 

also at the same time achieve a potent systemic, tumor-specific immunological response to 

eradicate metastases at distant sites, with minimal adverse effects. Laser immunotherapy 

(LIT) composing of selective photothermal therapy (PTT) and a locally administered 

immunostimulant is a novel anti-tumor method, which has a synergistic effect of destroying 

the tumor and stimulating the anti-tumor immune responses [12, 13]. It has been used for 

breast cancer, melanoma and Rosai-Dorfman disease with promising outcomes [14–17].

PTT is the main component of LIT which induces a temperature gradient inside the tumors. 

Temperature increase can damage tumor cells through direct and indirect mechanism [18–

20]. Direct mechanism is known as the necrosis and apoptosis of tumor cells. Indirect 

mechanism refers to tumor cells are eliminated by the immune response activated by PTT. 

The temperature increase in the tumor up-regulate the expression or release of tumor 

antigens, especially various damage-associated molecular patterns (DAMPs), such as heat 

shock proteins (HSP) 70, HSP 90 and high mobility group protein B1 (HMGB1), enhancing 

the tumor immunogenicity [21–24]. At the same time, the activity of macrophages, dendritic 

cells, T lymphocytes, B lymphocytes, and natural killer cells could also be enhanced by the 

temperature increase [25–29]. Finally, tumor cells are eliminated by the immune responses 

following the DAMPs expression.

Imiquimod, a unique toll-like receptor (TLR) agonist, was selected as the immunostimulant 

in the study to facilitate immunological stimulation. It has been approved by the FDA for the 

treatment of anogenital warts, actinic keratosis and superficial basal cell carcinoma [30]. 

Although the imiquimod monotherapy has a limited effectiveness for cSCC [31–33], it 

showed a strong immunological stimulating effect when combined with PTT for the 

treatment of melanoma patients, indicating that imiquimod is a good candidate as an 

immunostimulant in LIT for cSCC [16].

LIT has never been used for cSCC. Furthermore, the relationship between heat and the 

DAMPs expression is not conclusive, since the reported data are not consistent. It is still 
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unclear what temperature range has optimal thermal effects on the enhancement of tumor 

immunogenicity in the LIT treatment for cSCC.

In this study, to gain the optimal thermal effects, we investigated the correlation between 

temperature increase and tumor cell death or DAMPs release/expression, with or without 

imiquimod. We evaluated the effectiveness of LIT with the optimal thermal effects for the 

ultraviolet (UV)-induced cSCC in SKH-1 mice. Finally, we translated this novel anti-tumor 

method to the clinic to treat a patient with a large refractory cSCC.

2. Results

2.1. Effects of Thermal Treatment on A431 Cell Activity

After different thermal treatments (10 minutes), the A431 cells were placed at 37 °C. The 

morphology (Figure 1A), the viability (Figure 1B) and the percentage of apoptosis/necrosis 

(Figure 1C) were detected at 8 h and 24 h. Temperature increase caused death of A431 cells 

in a temperature-dependent manner. The cells in 37 °C (control group) and 40 °C group 

grew normally, adhering to the wall with the morphological integrity. The survival rates of 

cells in 40 °C were 100.7%±4.4% at 8 h and 100.8%±2.4 % at 24 h. Most cells in 45 °C 

group became spheres and floated up, having a lower survival rate (89.8%±1.2% at 8 h, 

82.4%±4.9% at 24 h) than cells in control group (P < 0.05). Most cells in 50 °C adhered 

tightly to the wall with white bubbles inside the cells. The survival rates were 91.5%±1.5 % 

at 8 h, and 82.4%±6.3% at 24 h. All of the cells in 55 °C and 60 °C adhered the wall tightly 

with white bubbles. The survival rates were only 24.0%±4.6% at 8 h, 7.0%±3.0% at 24 h in 

55 °C, 3.2%±0.2% at 8 h and 3.1%±1.0% at 24 h in 60 °C. The percentages of apoptosis/

necrosis were shown in Figure 1C. Most cells were alive in 37 °C and 40 °C group. Only 

5.3% –9.8% cells appeared apoptosis. Most cells in 55 °C and 60 °C group died. 85.0%–

95.6% cells appeared necrosis. Around 30%–60% cells died in 45 °C and 50 °C group, with 

an apoptosis percentage of 12.9% –56.5% and a necrosis percentage of 2.3%–43.8%.

2.2. Effects of Thermal Treatment on the Extracellular Release of DAMPs from Tumor Cells

The extracellular releases of HSP70, HSP90, and HMGB1 in the supernatant of A431 cell 

culture were measured by enzyme linked immunosorbent assay (ELISA) after different 

temperature treatments (37 °C, 40 °C, 45 °C, 50 °C, 55 °C, and 60 °C) for 10 min. As shown 

in Figure 2, A431 cells released HSP70, HSP90 and HMGB1 after treatment. The 

productions of HSP70, HSP90 and HMGB1 increased along with the time in the range of 

37 °C – 50 °C. Cells at 50 °C released the maximum amount of HSP70 while cells in 45 °C 

released the maximum amount of HSP90 and HMGB1.

2.3. Effects of Thermal Treatment on the Intracellular Expression of DAMPs in Tumor Cells

To determine intracellular changes of DAMPs, the expressions of HSP70, HSP90, and 

HMGB1 of A431 cells treated by different temperatures (37 °C, 40 °C, 45 °C, 50 °C, 55 °C, 

60 °C) for 10 minutes were analyzed by western blot analysis. As shown in Figure 3, the 

expressions of both HSP70 and HSP90 at 45 °C were the highest in all temperature groups. 

And the expressions of HMGB1 at 45 °C was similar to as in 37 °C or 40 °C groups, which 

was higher than in 50°C, 55°C or 60 °C groups. HSP 70, HSP 90 and HMGB1 were down-
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regulated in high temperature group (50°C, 55°C, 60°C). The expressions of HSP70 and 

HSP90 increased gradually along within the 24 h-recovery time. However, the expressions 

of HMGB1 did not change in 24 h.

2.4. Effects of Imiquimod on Proliferation of A431 Cells and DAMPs Release

Since imiquimod could directly affect keratinocytes viability and it has been used for the 

treatment of cSCC. We investigated its effects on A431 cells. When the A431 cells were 

incubated with imiquimod, cell death occurred in a dose-dependent manner (Figure 4A). 

ELISA results (Figure 4B, 4C, 4D) showed that both 10 μg/ml and 50 μg/ml imiquimod 

increased the release of HSP70, HSP90 and HMGB1 after heat treatment. Generally, A431 

cells treated by the combination of imiquimod and heat treatment released a maximum 

amount of DAMPs in a temperature range of 45°C –50°C.

2.5. cSCC Tumors in SKH-1 Mice Induced by UV Irradiation

UV irradiation on SKH-1 mice lasted for 5 months until papules of 1–4 mm in diameter 

appeared and maintained for two weeks. After the UV irradiation, the papules continued to 

grow to various size of cauliflower-type lesions and some tumors began to develop surface 

erosion and ulcers, as shown in Figure 5A. The lesion was proved as cSCC by 

histopathological examination, showing a large number of atypical cells and keratin pearls in 

the dermis (Figure 5B, C).

2.6. Anti-tumor Activity of LIT with Optimal Thermal Effects for UV-induced cSCC Mice

During laser irradiation, the superficial temperatures of mouse tumor were monitored to 

maintain the temperature in the range of 45°C –50°C to produce the maximum of DAMPs. 

(Figure 6A). The temperature in LIT group increased from 36 °C during irradiation and 

reached a saturation of around 50 °C in about 3 minutes.

Tumor growth was observed after the treatments (LIT, laser, imiquimod, and untreated 

control) ended (day 0). The results of the tumor volume from day 0 to day 60 are shown in 

Figure 6B. On day 27, the tumor volumes of mice in the untreated control group and 

imiquimod group increased significantly, which were higher than before treatment (P < 

0.05). However, there was no significant increase in LIT group and laser group (P > 0.05) 

compared with before treatment. The tumor volumes of mice in LIT group and laser group 

were significantly lower than that in the control group (P < 0.05). The tumor volumes of 

mice in laser group increased along with imiquimod and control group after day 27. On day 

60, only the tumor volumes of mice in LIT group had no difference from before treatment (P 

> 0.05), which were much lower than laser group (P < 0.05).

The representative photographs of mice after treatments are shown in Figure 6C. The tumors 

in control, imiquimod and laser groups became larger and more numerous with time. In 4 

weeks after treatments, mice in control and imquimod groups had more cSCC lesions and 

the old lesions became obviously larger than before treatment. The number and volume of 

tumors in laser group increased mildly. The tumors in the mice treated by LIT disappeared 

in 4 weeks without obviously relapse. Six weeks after treatments, all mice in control group 

died. The numbers and volumes of tumors in laser group and imiquimod group increased 
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obviously. However, there were no apparent increases in the numbers or volumes of tumors 

in LIT group.

The survival rates of mice in 60 days are shown in Figure 6D. All mice died within 40 days 

in the control group, and within 50 days in the imiquimod group. In the laser group, two 

mice died on day 52 and day 53, respectively. No mice in LIT group died within 60 days. 

The survival rate of LIT group was remarkablely higher than the control, imiquimod groups 

and laser group (P < 0.05).

Compared to control group, no obvious side effect was observed in imquimod, laser and LIT 

groups.

2.7. LIT with Optimal Thermal Effects for Patient with Refractory cSCC

A 63-year old woman suffering from refractory cSCC was treated by a 10-week cycle of LIT 

with optimal thermal effects for three sessions (Figure 7A, B). During the treatment, the 

mean temperature on the tumor surface was controlled around 45 °C – 50 °C (Figure 7C). 

After one time of laser irradiation, the irradiated region appeared erythema immediately. A 

week later, the irradiated regions appeared crusts. After 1 session of LIT treatment, the 

oozing and bleeding disappeared. The surface of ulceration became dry and skin was 

growing from the edge to the center. The area of tumor was much smaller than before 

treatment. The skin temperature around the lesion returned to normal. After 2 sessions, the 

area of tumor became smaller further and the nodules disappeared or became flat (Figure 

7A). The pale skin surrounding the tumor became ruddy. The motion ability of the right 

elbow joint recovered. Histopathology showed that there were more infiltrating lymphocytes 

in the upper and medial dermis than before treatment (Figure 7B), indicating that anti-tumor 

immune responses were enhanced by the LIT. After 3 sessions of LIT treatment, the tumor 

area was reduced furtherly and most nodules disappeared, leaving a superficial ulcer with a 

dry surface (Figure 7A). The updated blood routine showed her hemoglobin increased to 92 

g/l. Besides the erythema and crusts, no other adverse reactions, such as edema, erosion, 

scarring or pain, was recorded.

3. Discussion

Cutaneous squamous cell carcinoma (cSCC) typically manifested as a spectrum of 

progressively advanced malignancies, ranging from a precursor actinic keratosis to 

squamous cell carcinoma in situ, invasive squamous cell carcinoma, and finally metastatic 

squamous cell carcinoma [34]. However, for large, invasive, and metastatic cSCC, traditional 

treatments, such as surgery, chemotherapy, and radiotherapy, were often unsatisfactory [35, 

36]. In addition, the traditional treatments had many disadvantages, including destruction of 

normal tissue structure and function, dose limitation, and high recurrence rate [37, 38].

Laser immunotherapy (LIT) is a novel approach using a combination of PTT and 

immunological stimulation, imiquimod [39]. The temperature increase generated by PTT 

has an important role in killing tumor cells and activating immune response. We investigated 

the correlation between temperature increase and tumor cell death or DAMPs release/

expression using the 10-minutes water-bath heating in vitro in the study. The results showed 
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that temperature increase killed A31 cells in a temperature-dependent manner (Figure 1). 

Temperatures in the range of 37 °C– 40 °C had no obvious effect on killing A431 cells. 

Temperatures in the range of 45 °C –50 °C induced around half of cells to appear apoptosis 

or necrosis. A temperature increase of 55 °C –60 °C induced most A431 cell to be necrotic. 

The temperature increase of more than 45 °C was able to induce A431 cells to do die [19]. 

The temperature increase also promoted the extracellular release and the intracellular 

expression of DAMPS. Cells heated at 45°C released the maximum amount of HSP90 and 

HMGB1 and expressed the maximum amount of HSP90 and HMGB1. Cells heated at 50 °C 

released the maximum amount of HSP70. Therefore, the temperature increase of 45 °C – 

50 °C could enhance the maximum amount of DAMPs releasing or expressing after PTT, 

considered as the optimal thermal effects temperature. DAMPs induced by temperature 

increase could furtherly activated immunogenic host response [25, 40, 41]. These signs were 

suggestive of programmed cell death-related damage signals which may lead to 

immunogenic tumor cell death (ICD) and ultimately to the activation of potent anticancer 

immunity [42–45]. ICD requires antigen linked spatiotemporal DAMP signals including the 

cell surface translocation of HSP70 and HSP90 followed by the passive release of HMGB1 

protein from the nucleus during the late apoptotic stage [46–48]. Heat shock proteins are a 

family of conserved chaperones induced by cell stress including oxidative stress, irradiation, 

chemotherapeutic drugs, and heat and electromagnetic field [49]. In the cytoplasm, 

overexpressed HSP70 and HSP90 can inhibit apoptosis and act as a cytoprotector 

maintaining protein homeostasis [50, 51]. However, extracellular HSP can directly boost the 

immune response [52, 53]. Studies have demonstrated that local temperature increase could 

induce release of HSP from tumor cells[41]. HMGB1 represents a late signal of ICD with 

diverse roles. In the nucleus, it acts as a non-histone chromatin binding protein interacting 

with the minor groove of DNA and regulatory molecules such as p53, NF-κB, and steroid 

hormone receptors [54]. Upon cell stress, HMGB1 is released either from necrotic or 

apoptotic cells [48]. Extracellular HMGB1 can be a cytokine-like activator of macrophages, 

a chemotactant for neutrophils and a promoter of dendritic cell maturation through TLR 2/4 

[47, 55], thereby activating innate immunity and leading to acquired responses. From the 

above, the temperature between 45 °C – 50 °C could induce the maximum DAMPs, having 

an optimal thermal effect for the ICD of cSCC cells.

Salamatus et al. found that temperature at 40 °C stimulated HSP70 release strongly [56]. As 

temperature increasing, this rapid secretion pathway of HSP 70 became progressively 

inhibited. When the temperature reached 55 °C, the active secretion would be abolished. In 

our study, it was 45 °C – 50 °C not 40 °C released the maximum HSPs. It was because that 

A431 cells were allowed to recover at 37 °C for 24 h after a 10-minutes heating. In the 

cooling process, cells continued to release HSPs due to a concomitant damage to the plasma 

membrane [56].

Application of imiquimod was also an important component of LIT. We further investigated 

the effect of the imiquimod dose on proliferation of A431 cells and DAMPs release during 

heat treatment. Our results showed that imiquimod could directly kill A431 cells in a dose-

dependent manner (as shown in Figure 4A) [57, 58]. Besides, low concentration imiquimod 

could further increase the release of HSP70, HSP90 and HMGB1 during the heat treatment 
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at 45 °C – 50 °C, which suggests that imiquimod could enhance the optimal thermal effect 

of temperature increase in promoting DAMPs release (as shown in Figure 4).

Then, we used LIT with optimal thermal dose (45°C –50 °C) to treat UV-induced cSCC in 

immune competent SKH-1 mice. The UV-induced cSCC could mimic the human skin 

squamous cell carcinoma perfectly [59]. In the study, the imiquimod monotherapy could 

only slow down the tumor growth and improve survival time slightly, which were consistent 

with the clinical reports of topical imiquimod treatment for cSCC [60, 61]. PTT 

monotherapy could also slow down the tumor growth and significantly improve survival 

time, which were consistent with the reports that PTT could kill squamous cell carcinoma 

and other cancer cells [62]. However, PTT monotherapy had no effect on the untreated 

tumors, which suggested that PTT had a limited systemic effect. Compared to imiquimod or 

PTT monotherapy, LIT could not only destroy local tumors, but also at the same time 

induced a potent systemic, tumor-specific immunological response to slow, and sometimes 

eradicate, untreated tumors at distant sites, as shown in Figure 6A–D. Our therapeutic 

effects, along with the lack of noticeable side effects, demonstrated that LIT was a safe and 

effective treatment approach for cSCC, especially for multiple, large, late-stage metastatic, 

or other inoperable cSCCs.

In the clinical practice, we used LIT with optimal thermal effect to treat an old woman 

suffering from a large refractory cSCC with the oozing and bleeding. After 3 sessions of the 

10-week cycle of LIT, the area of tumor was much smaller than before treatment and most 

tumor nodules disappeared, leaving a superficial ulcer with a dry surface. In addition, the 

temperature and color of the skin around the lesion returned to normal. The motion ability of 

the right elbow joint recovered. The moderate anemia restored to normal. Meanwhile, the 

histopathology showed that there were more infiltrating lymphocytes in the upper and 

medial dermis than before the treatment (Figure 7B), indicating that LIT successfully 

activated the anti-tumor immune responses. The tumor cells were killed by the ICD caused 

by LIT. During or after treatment, only the temporary erythema and crusts were observed. 

No other obvious adverse reaction was recorded on the patient. The above results suggested 

LIT was an effective and safe method for cSCC in the clinic. Unfortunately, the tumor 

wasn’t eliminated completely by LIT in this short-term therapeutic scheme. It might be 

because the area was too large to be eliminated in a short-term. And the local anti-tumor 

immune responses of the patient were diminished by the age, anemia and cervical 

spondylopathy.

4. Materials and Methods

4.1. Chemicals and Reagents

High glucose Dulbecco’s modified eagle medium (DMEM), phosphate buffer saline (PBS), 

and penicillin/streptomycin were obtained from HyClone™ (Utah, USA). Fetal bovine 

serum (FBS) was obtained from Gibco (Billings, USA). Rabbit monoclonal anti-actin and 

rabbit monoclonal anti-HMGB1 (Cell Signaling Technology, Leiden, Netherlands), mouse 

monoclonal anti-HSP70, and rabbit polyclonal anti-HSP90 (Abcam, Cambridge, United 

Kindom) were used. Human HSP70 ELISA Kit (Ebioscience™, California, USA), human 

HSP90 ELISA Kit (Ebioscience™, California, USA), and human HMGB1 ELISA Kit 
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(Shino-Test, Tokyo, Japan) were also used. In addition, FITC Annexin V Apoptosis 

Detection Kit I (BD, New Jersey, USA) and Chromogenic Western Blot Immunodetection 

Kit (Thermo Scientific, Massachusetts, USA) were also used. Imiquimod lyophilized 

powders were purchased from Invivogen(California, USA) and imiquimod creams were 

purchased from Sichuan Med-shine Pharmaceutical (Chengdu, China) were used.

4.2. Cell Culture

Human cSCC cell line A431 was purchased from the Type Culture Collection of the Chinese 

Academy of Sciences, Shanghai, China. The cells were maintained in high glucose DMEM 

medium supplemented with 10% FBS and 1% penicillin/streptomycin antibiotics at 37 °C in 

an atmosphere of 5% CO2.

4.3. Heat Treatment of Cells

A431 cells were randomly divided into six heat treatment groups: 37 °C, 40 °C, 45 °C, 

50 °C, 55 °C and 60 °C. The A431 cells (2×106/dish) growing in 60 mm dish were placed in 

a water bath with different temperature settings. The heating time was 10 min. Then, the 

A431 cells were cultured at 37 °C in an atmosphere of 5% CO2 after replacement of equal 

fresh medium for different durations (the recovery time). At designated time points, 

supernatants and heat-treated A431 cells were collected for different experiments.

4.4. Measurement of Cell Viability

The heat-treated A431 cells were observed with an inverted microscope at 8 h and 24 h to 

determine the cell morphological change. In addition, the heat-treated A431 cells (2×104/

well) were seeded in 96-well plates immediately and incubated for 8 h and 24 h at 37 °C 

before being subjected to CCK8 assay to detect cell proliferation. Each group had 5 wells 

and the experiment was repeated three times. Survival rate = (OD treatment group-OD blank 

group)/(OD 37°C control group-OD blank group) × 100%. The cells (5×105 cells/group) 

were also collected at 8 h and 24 h after heat treatment and then washed in PBS, followed by 

incubation with FITC-AnnexinV and PI for 20 min at room temperature in the dark. After 

incubation, the cells were analyzed with flow cytometer to detect the percentage of cell 

apoptosis and necrosis.

4.5. Quantification of the Extracellular Release of DAMPs (HSP70, HSP90 and HMGB1)

In order to evaluate the release of HSP70, HSP90 and HMGB1 in response to temperature 

increase, the supernatants of the A431 cells were collected and centrifuged at different time 

points (1 h, 4 h, 8 h, 12 h and 24 h) after heat treatment with different temperature settings. 

Then, the supernatants were analyzed using ELISA-based HSP70, HSP90 and HMGB1 

detection kits according to the manufacturer’s instructions.

4.6. Intracellular Expression of DAMPs (HSP70, HSP90 and HMGB1)

To determine the effect of temperature increase on intracellular expressions of HSP70, 

HSP90 and HMGB1, A431 cells were heat-treated with different temperature settings and 

were measured at 8 h after heat-treated. The correlation of DAMPs expression with time was 

also investigated via the measurement in 45 °C at different recovery time points (1 h, 4 h, 8 
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h, 12 h and 24 h). The proteins of heat-treated A431cells were lysed with 

radioimmunoprecipitation assay (RIPA) buffer (Tris base 50 mM, NaCl 150 mM, NP40 1%, 

sodium deoxycholate 0.25%, EDTA 1 mM) containing a protease inhibitor cocktail (Roche 

Diagnostics, Mannheim, Germany). The protein concentration was measured using a BCA 

protein assay kit (Pierce, Rockford, Illinois, USA). Equal amounts of proteins were 

separated by SDS-polyacrylamide gel electrophoresis on 8% gels and transferred to 

nitrocellulose membranes (Bio-Rad Laboratories, Hercules, California, USA). The 

membranes were blocked with blocking solution according to the manufacturer’s 

instructions of the Chromogenic Western Blot Immunodetection Kit and then were 

incubated with primary antibodies (anti-HSP70, anti-HSP90 and anti-HMGB1) overnight at 

4 °C. The membranes were then washed three times (15 min each time) with antibody wash 

solution, and were incubated with secondary antibody for 1 h at room temperature. The 

color reaction was developed using chromogenic substrate.

4.7. Effect of Imiquimod on Proliferation of A431 Cells

Aqueous solution of imiquiod was prepared using the powder of imiquimod. A431 cells 

(2×104/well) were incubated with imiquimod of different concentrations (0 μg/ml, 5 μg/ml, 

10 μg/ml, 20 μg/ml, 50 μg/ml, and 100 μg/ml) for 24 h before being subjected to CCK8 

assay. Each group had 5 wells and the experiment was repeated three times.

4.8. Effect of Imiquimod on Release of DAMPs (HSP70, HSP90 and HMGB1) by A431 Cells 
During Heat Treatment

A431 cells (2×106/dish) were seeded in 60 mm dish and incubated with 10 μg/ml or 50 

μg/ml imiquimod for 24 h before being subjected to heat treatment with different 

temperature settings. Then, the A431 cells were continuously incubated with 10 μg/ml or 50 

μg/ml imiquimod. The supernatants were collected and analyzed using ELISA-based 

HSP70, HSP90 and HMGB1 detection kits according to the manufacturer’s instructions, at 

determined time points (1 h to 24 h) after the heat treatment.

4.9. cSCC Tumors in SKH-1 Mice Induced by UV Irradiation

Immune competent SKH-1 mice (female, 6–8 weeks old, hairless) were purchased from 

Shanghai Public Health Clinical (Shanghai certificate number 2015–0002, China). cSCC on 

the back of mice were induced by solar-simulated ultraviolet irradiation (SS-03B type UV-B 

phototherapy instrument, SIGMA, Shanghai, China), as described previously[63]. When the 

papules arose in the irradiated back and grew up to a size of 1–4 mm in diameter, a 

histopathological examination was performed to confirm the lesion was the cSCC.

4.10. LIT with Optimal Thermal Effects for UV-induced cSCC Mice

Mice bearing UV-induced cSCC were randomly divided into four groups: LIT, laser, 

imiquimod, and untreated control (5 mice per group). Mice in LIT group were irradiated by 

an 808-nm laser (New industry photoelectric technology Co., Changchun, China) once every 

two weeks for a total of three times, and imiquimod cream was topically applied once a day 

for three days before and after each laser irradiation. Mice in laser group only received 

irradiation of the 808-nm laser as above. Mice in imiquimod group only received topical 
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application of imiquimod cream as in the LIT group. Mice in control group were not given 

any treatment. Laser light was delivered to the tumor noninvasively using a fiber optic 

delivery system (Pioneer Optics Company, USA). The power density at the treatment area, 

which encompassed the tumor and 2 to 5 mm of the surrounding skin, was 1 W/cm2 for a 

treatment duration of 10 min, based on the previous protocol developed by Chen and co-

workers [15] and the results in cell experiment in our study. The therapeutic targets were 

three largest tumors on the back. During laser irradiation, mice were anesthetized with an 

intraperitoneal injection of 7% hydrate of chlorine aldehyde. The surface temperature of the 

treated tumor was monitored by a thermal imaging camera (T420, FLIR, Oregon, USA) 

during laser irradiation to ensure the superficial temperatures of tumor were in the range of 

45°C –50°C. If temperatures were higher than 55 °C, the irradiation should be discontinued 

until the temperatures dropped to 45 °C. After 3 times of treatment (day 0), the mice were 

observed daily for a period of 60 days, and the tumor were measured twice a week. Tumor 

volume was calculated using the formula: V=1/2ab2 (mm3) (a: length, b: width). Mice with a 

maximum tumor diameter >15 mm were euthanized, following the guidelines on 

Administration of Lab Animals.

4.11. LIT with Optimal Thermal Effects for One Patient with Refractory cSCC in clinic

A 63-year old woman presented with previously untreated bleeding ulcer on the right elbow 

came to our hospital. The patient suffered 30 years ago from neck pain and numbness of the 

right upper extremity. The patient was diagnosed as cervical spondylopathy and treated with 

a surgery. One year after the surgery, the numbness of right upper extremity became more 

serious due to damage of the nerve with cervical spondylopathy. The skin on her right upper 

extremity, especially her right forearm, became pale with a low skin temperature. Gradually, 

her right elbow developed a bleeding ulcer. In the past 30 years, the lesion grew larger and 

larger without any improvements on bleeding or ulceration. In April of 2014, the patient 

came to our hospital. Clinical investigation showed a ulcer of about 6×9 cm on her right 

elbow, accompanied with oozing, bleeding and multiple nodules covered by crust. The skin 

surrounding the ulcer was pale with a low skin temperature. The right elbow joint suffered 

from stiffness and loss of motion. A blood routine test showed her hemoglobin was only 53 

g/l. A biopsy revealed the diagnosis of skin squamous cell carcinoma, grade I. The patient 

refused surgical excision in consideration of the large area of the ulcer. We treated the 

patient with LIT after a consent form was signed in June 2014.

A 10-week cycle of LIT with optimal thermal effects was carried out with the following 

steps: (1) imiquimod cream was topically applied to the surface of tumor every other day for 

10 weeks. (2) The tumor were irradiated by an 808-nm laser once every two weeks for four 

times, and the first laser irradiation was carried out at the end of week 2. The power density 

at the treatment area, which encompassed of 2 cm2 the skin lesions total for 3 to 4, was also 

1 W/cm2 for a treatment duration of 10 min. During laser irradiation, the superficial 

temperatures of tumor were monitored within the range of 45 °C – 50 °C. If temperatures 

were higher than 55 °C, the irradiation would be discontinued until the temperatures 

dropped to 45°C. The patient was treated with the 10-week cycle of LIT for three sessions. 

The treatment interval was one month. A histopathological examination was performed 

again after 2 sessions of LIT.
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4.12. Statistical Analyses

Data were analyzed with Spass13.0 software and presented as mean ± standard deviation. 

All statistical analyses were performed using t-test except survival rates were compared 

using Mantel-Cox logrank test. P < 0.05 was considered statistically significant.

5. Conclusions

In conclusion, the temperature in the range of 45 °C – 50 °C could induce the maximum 

DAMPs, having an optimal thermal effect in inducing the ICD of cSCC cells. Imiquimod 

could improve the effect of PTT for generating DAMPs. The LIT composing of PTT with 

the optimal thermal effect and imiquimod was an effective and safe method for the 

treatments of cSCC either in mice or in the patient. Our results provided the basic 

understanding and pilot study of PTT in inducing immune response in cSCC treatment, 

particularly when used in combination with an immunostimulant, paving the way to further 

develop LIT into an effective clinical treatment modality for cSCC, especially for multiple, 

large, late-stage metastatic, or other inoperable cSCCs.
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Figure 1. 
Temperature increase caused death of A31 cells in a temperature-dependent manner. A431 

cells were treated under different temperatures (37 °C to 60 °C) for 10 minutes and 

recovered for 8 h or 24 h at 37 °C, and then imaged by inverted microscope (A), analyzed by 

CCK8 assay (B), and analyzed by flow cytometry with Annexin V/PI staining (C). Statistical 

analysis was performed by t-test; *P < 0.05, **P < 0.01, ***P<0.001, ns=not statistically 

significant.

Luo et al. Page 16

Int J Hyperthermia. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Temperature increase affected extracellular release of damage-associated molecular patterns 

(DAMPs) from A431 cells in a temperature-dependent manner. The release of heat shock 

proteins (HSP) 70 (A), HSP90 (B), and high mobility group protein (HMGB1) (C) from 

heat-stimulated A431 cells at different time points (1 h to 24 h) after the 10-minute heat 

treatments, at 37 °C, 40 °C, 45 °C, 50 °C, 55 °C, and 60 °C, analyzed using enzyme linked 

immunosorbent assay (ELISA) assay. Statistical analysis was performed by t-test; *P < 0.05, 

**P < 0.01, ***P < 0.001, ns=not statistically significant. Means ± SD are shown from 3 

independent experiments.
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Figure 3. 
Temperature increase affected intracellular expression of damage-associated molecular 

patterns (DAMPs) from A431 cells in a temperature-dependent manner. The expressions of 

heat shock proteins (HSP) 70 (A, B), HSP90 (C, D), and high mobility group protein 

(HMGB1) (E, F) in heat-stimulated A431 cells at 8 h after 10-minute heat treatment at 

37 °C, 40 °C, 45 °C, 50 °C, 55 °C, and 60 °C, and at different time points after heat 

treatment (1 h to 24 h), at 37 °C and 45 °C, analyzed by western blotting.
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Figure 4. 
Effects of imiquimod on the viability of A431 cells and release of damage-associated 

molecular patterns (DAMPs). (A) Imiquimod directly killed A431 cell in a dose-dependent 
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manner. Cells were incubated with imiquimod at different concentrations (0 μg/ml to 100 

μg/ml) for 24 hours before being subjected to CCK8 assay. Statistical analysis was 

performed by t-test; (5, 10, 20, 50 or 100 μg/ml vs. 0 μg/ml). (B–D) Release of heat shock 

protein (HSP) 70, HSP90, and high mobility group protein B1 (HMGB1) from A431 cells 

treated under different temperature, with or without imiquimod. A431 cells were incubated 

with imiquimod at different concentrations (10 μg/ml and 50 μg/ml) for 24 h, followed by a 

10-min heat treatment under different temperatures (37°C to 50 °C), and then recovered at 

37 °C with imiquimod. The supernatant was collected and anlyzed by ELISA assay. 

Statistical analysis was performed by t-test; (temperature + IMQ (Imiquimod) group vs 

temperature group). Means ± SD are shown from 3 independent experiments.*p < 0.05, **p 

< 0.01.
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Figure 5. 
Cutaneous squamous cell carcinoma (cSCC) tumors in SKH-1 mice induced by ultraviolet 

(UV) irradiation. (A) Representative photograph of UV-treated SKH-1 hairless mice, 

inducing cSCC tumors with various sizes. The histological examination showed that a large 

number of atypical cells (→), keratin pearl (→) in the tissue at 40× (B) and 200× (C), which 

were the characteristic of cSCC tumors.
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Figure 6. 
Anti-tumor effect of laser immunotherapy (LIT) in treating cutaneous squamous cell 

carcinoma (cSCC) in SKH-1 mice. (A) Temperature in tumor tissue during laser treatment. 

Left: Thermographic image showing the temperature of the tumor in one mouse with 808-

nm laser illumination. Right: The temperature increase curve of the tumors with 808-nm 

laser illumination. (B) Tumor volume changes in different treatment groups. Statistical 

analysis for tumor volume changes was performed by t-test (day 27: Laser, or LIT group vs. 

Control group,*p < 0.05; Day 60: LIT group vs. Laser group, ##p < 0.01). (C) 

Representative photographs of mice at different times after treatments. (D) Survival rates of 

cSCC tumor bearing mice in different treatment groups.
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Figure 7. 
Laser immunotherapy (LIT) with optimal thermal effects for the patient with refractory 

cutaneous squamous cell carcinoma (cSCC) in clinic. (A) Representative photographs of a 

patient with cSSC before and after LIT treatments. (B) Histopathology of the patient before 

and after 2 sessions of LIT treatments at 100×. (C) A thermographic image of the patient 

being treated by laser.
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