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Abstract

Melanoma is a malignancy with poor prognosis. Its incidence rate has been on the rise and 

it poses high health and economic challenges to different populations. Photothermal therapy 

(PTT) served as an effective local therapy in treating various tumors, particularly cutaneous 

carcinoma like melanoma. To fully understand the mechanisms of tumor cell death induced by 

PTT, we investigated gene expression and immune cells compositions of B16-F10 tumors after 

PTT treatment. A total of 256 differentially expressed genes (DEGs) were identified, with 215 

being downregulated and 41 upregulated by PTT. Functional annotation showed that most DEGs 

involved in immune response and inflammatory response. Immune cells compositions inference 

revealed changes in many immune cells including regulatory T cells, M2 macrophage and B cells 

after PTT treatment. Our results help delineate the mechanism of cell death at the transcriptional 

level triggered by non-invasive PTT treatment of melanoma without exogenous light absorbing 

agents.
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1 | INTRODUCTION

Cutaneous melanoma is a deadly malignancy of melanocytes; it has shown an increasing 

incidence rate and has posed high medical and economic challenges among different 

populations [1, 2]. Progresses in diagnosis and treatment of melanoma have been made in 

the past decades [3, 4]. However, surgical removal, radiotherapy and chemotherapy are still 

the primary treatments [5]. Although those treatments have achieved magnificent successes, 

there are also some inadequacies and limitations. In most situations, the prioritized 

therapeutic goal is the surgical removal of the primary tumors. When direct surgical removal 

is not feasible, many modified treatments or a combination of different methods have been 

applied [6]. Photothermal therapy (PTT) has been an alternative for local treatment of 

melanoma [7].

PTT commonly transforms near-infrared (NIR) laser energy to heat using photothermal 

agents or nanoparticles to ablate tumor cells, which are more sensitive to the increased 

temperature than normal cells [8]. NIR light falls into the tissue optical window for 

biomedical imaging and therapy due to the low optical attenuation in this spectral range 

(700–900 nm). Because of the nature of melanin (in melanocytes), the melanoma cell itself 

can efficiently convert NIR irradiation energy to heat, similar in effect to nanoparticles and 

other exogenous light heat-conversion agents. Thus, NIR irradiation only causes heating 

Yan et al. Page 2

J Biophotonics. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



within melanoma tissue, leading to precise treatment with little damage and irritation to the 

surrounding normal skin tissue. Our previous studies have demonstrated that PTT combined 

with immunological adjuvants can be a promising therapy to treat cutaneous granuloma 

and refractory cutaneous warts [9, 10]. Furthermore, PTT with or without immunological 

adjuvant obtained a similar effect in treating melanoma using a mouse model (under review). 

In addition to killing tumor cells directly, the tumor-specific antigen released from PTT

treated tumor can trigger a systemic immune response [11, 12]. Although PTT has been 

successfully applied in managing various diseases and cancers, the molecular mechanisms 

underlying cell death triggered by PTT have not been fully delineated.

To date, the possible modes of cell death induced by PTT, including necrosis and apoptosis, 

have been proposed [13]. Most studies suggested necrotic tumor cell death after NIR 

irradiation while some researchers proposed apoptosis as the primary cell death mechanism 

under certain NIR irradiations [14–16]. Necrosis leads to pro-inflammatory response due 

to the ruptured cell membranes, followed by the release of damage-associated molecular 

patterns (DAMPs) [17]. In contrast, cell membrane integrity is maintained in apoptotic cells, 

which can be anti-inflammatory [17]. However, cellular apoptosis will transform to necrosis, 

a process also known as secondary necrosis, when apoptotic cells were not phagocytized 

immediately by phagocytes [17]. While cell death and immune responses using PTT 

have been studied [18, 19], the cell death mechanism, particularly at the transcriptional 

level, involved in NIR irradiation without exogenous heat-conversion agents in melanoma 

treatment has not been fully investigated.

Here, we aim to delineate the cell death mechanism by NIR irradiation of melanoma in mice 

using transcriptome microarray in combination with bioinformatics analysis. We compared 

the genome-wide gene expression changes and demonstrated the processes and pathways in 

which differentially expressed genes (DEGs) were involved. Furthermore, we described the 

immune cells compositions before and after PTT treatment.

2 | EXPERIMENTAL

2.1 | Melanoma mouse model

All procedures involved in the animal studies comply with the protocol of Animal Ethics 

Committee of Shanghai Skin Disease Hospital. B16-F10 melanoma cells were purchased 

from Shanghai Cell Bank (Shanghai, China) and cultured in Roswell Park Memorial 

Institute 1640 medium (Gibco, Thermo Fisher Scientific, Shanghai, China), containing 10% 

fetal bovine serum, penicillin (100 IU/mL), and streptomycin (100 μg/mL). The cells were 

passaged using trypsin–EDTA solution (0.05%/ 0.02%). The melanoma mouse model was 

established using C57BL/6 mice, 7 weeks old, obtained from Shanghai Laboratory Animal 

Center (Shanghai, China) [20]. A total of 0.1 mL of B16-F10 cell suspension (6 × 106 cells/ 

mL) was injected subcutaneously into the of back of the animals.

2.2 | PTT treatment

Six B16-F10 tumor bearing mice were randomly divided into two groups: Control group 

and PTT treatment group with three mice in each group. In the treatment group, One-time 
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non-invasive PTT treatment was applied by an 808 nm diode laser (FC-808–1Mw-10W, 

New Industries Optoelectronics Technology Co., China) via an optical fiber (ML0210, 

Pioneer Optics Co.) with an air gap of approximately 1 cm to the recently shaved skin of 

the mice (0.75 W/cm2 for 10 minutes). No skin penetrating optical fibers, instrumentation or 

other optical boundary enhancements were used to facilitate the delivery of the 808 nm laser 

energy into the tumors located in the subcutaneous environment.

2.3 | Tissue collection and RNA extraction

Six hours after PTT treatment, solid tumor tissue was collected from each mouse and placed 

into microtubes, then stored in liquid nitrogen immediately. RNA was extracted using the 

extraction kits from Gminix (Shanghai, China) according to the standard RNA extraction 

protocol. RNA quantity was assessed by the optical density at 260 and 280 nm (A260/A280) 

using the NanoDrop spectro-photometer (Thermo Scientific), and the RNA integrity was 

visualized by agarose gel electrophoresis. The values of A260/A280 ranged from 2.07 to 

2.09 and electrophoresis showed that all samples were qualified.

2.4 | Genome-wide gene expression signature identification

The qualified RNA was hybridized by the Affymetrix GeneChip Mouse Transcriptome 

Assay 1.0 following the standard manufacturer protocol. The raw data (.cel format) were 

used for computing an expression signal including background correction, normalization and 

summary. Probe sets were annotated from probe set ID to gene symbol with referencing the 

annotation file downloaded from Affymetrix official website (MTA-1_0.r3.na36.mm10.a1. 

transcript.csv.zip). Protein coding genes were extracted from the total expression signal 

matrix. After quality control, DEGs identification was conducted using limma package with 

log 2 transformed expression signal matrix. Gene with a 2-fold or greater expression change 

(|log2FC| > 1), and a P value less than .05, was considered as a DEG.

2.5 | Functional annotation and pathway enrichment

For PTT treatment, gene ontology (GO) functional annotation regarding biological process 

(BP, 18577 terms/20 793 genes), molecular function (MF, 5333 terms/20 360 genes) and 

cellular component (CC, 1937 terms/20 819 genes) was performed using the ClueGO tools 

(v2.5.7) [21] implemented in Cytoscape (v3.5.0). Then, Kyoto encyclopedia of genes and 

genomes (KEGG, 324 pathways/8760 genes) pathway database and REACTOME (1666 

pathways/8584 genes and 8650 reactions/8994 genes) database were used for pathway 

enrichment, which also enriched by ClueGO tools. The term and pathway with P value 

less than .05 were considered statistically significant. All databases in these annotation and 

enrichment were released on 8 May 2020. After annotation and enrichment, CluePedia tools 

(v1.5.7) was used for visualization [22].

2.6 | PPI network analysis

To uncover the interactions among the identified DEGs, protein–protein interaction (PPI) 

network was constructed by Search Tool for Retrieval of Interacting Genes/Proteins 

(STRING, v11.0) online database. Interaction score was set to be a medium confidence 

of 0.4 and disconnected nodes were removed during the network construction. The network 
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was then visualized by Cytoscape (v3.5.0). cytoHubba plugin (v0.1) in Cytoscape was 

used to search the hub genes from the constructed interaction network [23]. Furthermore, 

MCODE plugin (v1.4.2) was employed to construct hub modules with setting node score 

threshold of 0.2, k score of 2, and max depth of 100 [24].

2.7 | Inference of immune cells compositions

As PTT treatment triggers systematic immune responses, depicting the change of immune 

cells compositions in B16-F10 tumors before and after PTT is critical to understand the 

immune responses. Immune cell compositions were deconvoluted by ImmuCC software 

[25]. Briefly, a gene expression signature matrix, consisting of 511 genes and 25 types of 

immune cells, including six major cell types, granulocytes, B cells, T cells, natural killer 

cells, dendritic cells and mono/macrophages, was downloaded from the website (https://

github.com/chenziyi/ImmuCC). Then, the cells compositions of the current study were 

inferenced using the linear support vector regression method with 100 permutations. The 

composition difference of each cell type between control and PTT group was tested by 

Student’s t test.

3 | RESULTS

3.1 | DEGs identification

In order to investigate the effect of PTT on tumor cells at the transcriptional level, the 

whole-genome wide expression states among these two groups (control and PTT) were 

investigated. Each group has three samples. Average Pearson correlation coefficients were 

0.991 and 0.986 within-group and hierarchical heatmap indicated a distinct expression 

difference between control and PTT groups (Figure 1A). After removing non-coding genes, 

a total of 22 451 protein coding genes were annotated for DEG identification from MTA 

probe sets. When comparing the PTT group with control group, a total of 256 DEGs were 

identified, including 215 downregulated and 41 upregulated DEGs (Figure 1B). DAMPs 

of various heat shock proteins (HSPs), including Dnaja4, Dnajb1, Hspa1a, Hspa1b, Hspb1 
and Hsph1, were upregulated when compared with the control group (Figure 2). However, 

all the identified differentially expressed chemokines, including Cxcr4, Ccl5, Ccl8, Cxcl9 
and Ccl12, were downregulated (Figure 1C). Moreover, toll-like receptors (TLRs), including 

Tlr3, Tlr7 and Tlr8, were also downregulated (Figure 1C, Table S1).

3.2 | Functional annotation and pathway enrichment of DEGs

In order to demonstrate functions of DEGs, GO functional annotation was performed at 

three levels, including BP, MF and CC. In the BP level, 77 significant GO terms were 

classified into 14 groups, including defense response to virus (31.35%), immunoglobulin 

receptor activity (13.54%), inflammatory response (11.46%), regulation of leukocyte 

apoptotic process (9.38%), myeloid leukocyte activation (9.38%), chaperone-mediated 

protein folding (5.21%), neutrophil chemotaxis (4.17%) and innate immune response 

(1.04%), (Figure 2A, Table S2). In particular, inflammatory response (39 DEGs) and innate 

immune response (37 DEGs) were the top two annotated terms with P value of 2.74 × 10−16 

and 1.10 × 10−12, respectively (Table 1). GO analysis of MF showed that 14 significant 

DEGs were annotated, which mainly included immunoglobulin receptor activity, chemokine 
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activity, pattern recognition receptor activity and negative regulation of MAP kinase activity 

(Figure 2B, Table S2). Finally, 10 significant GO terms were identified, including lysosome, 

lytic vacuole and intrinsic/ integral component of endoplasmic reticulum membrane at the 

CC level.

Kyoto Encyclopedia of Genes and Genomes (KEGG) and REACTOME pathway 

enrichments were analyzed. Fourteen significant KEGG pathways were enriched (Figure 

3A), including viral protein interaction with cytokine and cytokine receptor, protein 

processing in endoplasmic reticulum, N-Glycan biosynthesis and toll-like receptor signaling 

pathway, Fc gamma R-mediated phagocytosis, and Complement and coagulation cascades. 

Compared with KEGG, more REACTOME pathways were enriched (Figure 3B), with nine 

groups of 47 pathways, which concentrated mainly on sequestering and phosphorylation 

Fc gamma receptors in the lipid rafts, activation of C1s, and ATP hydrolysis by HSP70. 

Specifically, the top two significant pathways were innate immune system including toll-like 

receptor cascades, complement cascade, and so on. (1.05 × 10−08 with 37 DEGs) and 

neutrophil degranulation (2.03 × 10−06 with 37 DEGs).

3.3 | PPI network construction and module analysis

In order to study the protein–protein interactions and illuminate PTT mechanisms in treating 

melanoma, PPI network analysis was performed in STRING online database and graphical 

depiction was provided using the Cytoscape tools. A PPI network with 169 nodes and 688 

edges was constructed from 256 DEGs (Figure 4A). Then, the top 20 proteins, including 

165 edges, were screened by cytoHubba plugin, which included Tlr7, Cd68, Ly86 and other 

genes (Figure 4B). Finally, the top three significant modules with MCODE scores of 17.1, 

8.4 and 5.1 were identified by MCODE plugin (Figure 4C). The first module was relatively 

huge, nesting 19 nodes and 154 edges, and the second module included 11 nodes and 42 

edges. All the genes in the first two modules were downregulated, including Tlr7, Tlr8, 

Cd68, Cxcl9 and so on, while five upregulated HSP-related genes were interacted in the 

third module.

3.4 | Immune cells compositions

In the functional annotation and the pathway enrichment, many DEGs were enriched in 

immune-related processes and pathways, which prompts us to investigate the compositions 

of immune cells before and after PTT treatment. Among the 25 types of immune cells, 

21 were detected in at least one mouse (Figure 5A, Table S3). M1 macrophage accounted 

for a high value ranging from 23.7% to 38.5%, and there was no difference between these 

two groups. However, M2 macrophage composition was significantly decreased after PTT 

treatment (Figure 5B). In addition, the compositions of naïve B cell (P < .05), regulatory 

T (Treg) cells (P = .092), CD4+ naïve T cells (P = .27) and immature dendritic cells 

(DC, P = .085) were trending up after PTT treatment. Furthermore, T helper 1 (Th1) cells 

and activated natural killer (NK) cells compositions also increased except in one PTT 

treated sample. Activated DC was detected in one sample with a large percentage (20.4%) 

compared to the other two samples (0%) in the control group. Moreover, the activated DC 

composition in two PTT treated samples reached 4.4% and 2.0%, respectively, indicating an 

increasing tendency in most samples after PTT treatment.
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4 | DISCUSSION

Among the various anti-tumor therapies, such as radiotherapy, molecular-targeted therapy 

and immunotherapy, which have been developed rapidly in recent years, PTT has become a 

promising modality for treating melanoma since endogenous light absorbing chromophores 

such as melanin in melanocytes can convert laser to heat with high efficiency [26, 27]. 

However, the mechanisms of PTT without exogenous agents for treating melanoma have 

not been fully studied. Gene expression profile can be a straightforward approach to search 

for responsible genes for observed immune responses. In the present study, we captured 

the relevant DEGs and demonstrated the associated signal pathways after PTT treatment in 

a melanoma bearing mice using transcriptome microarray and bioinformatics. We further 

determined the changes of various immune cells before and after PTT treatment.

In the present study, many HSPs coding genes, including Hsph1 (HSP105) Hsp1a and 

Hspa1b (HSP70), Dnaja4 and Dnajb1 (HSP40) and Hspb1 (HSP27), were significantly 

upregulated by PTT treatment. HSPs are proteins with protective effects, which overexpress 

when cells undergo stresses, such as heat, toxins, and heavy metal, to prevent apoptosis [28, 

29]. Thus, the overexpressed HSPs help tumor cells resist heat, which hampers the death 

of tumor cells induced by PTT. Therefore, PTT in combination with HSPs inhibitors may 

improve the curative effect of PTT [30]. Many studies have been carried out to evaluate the 

combinational effect with either HSP inhibitors or RNA interference [31, 32]. Yang et al. 

and Chatterjee et al. have found that the inhibition of HSP90 could conversely increase the 

expression of HSP70, while inhibition of HSP70 could not increase HSP90 [33, 34]. In our 

study, HSP90 was not upregulated after PTT treatment, which indicates that PTT combined 

with HSP70 inhibitor would be a more efficient way to treat melanoma. In addition to HSPs, 

many hemoglobin-related genes were also upregulated, including Hbb-a1, Hbb-bs, Hbb-bt, 
Cyp2e1, Cyp2f1, Slc4a1 and Ahsp. We hypothesize that the upregulation of hemoglobin

related genes can be caused by the oxygen deficiency in tumor microenvironment caused by 

PTT treatment.

Compared with the weak immune response of traditional therapy [35], such as surgery, 

PTT-induced hyperthermia, can elicit systemic immune response by activating immune cells 

and upregulating HSP expression [36]. In our study, functional annotation and pathway 

analysis revealed that many genes were involved in immune responses induced by PTT 

treatment. A total of 37 DEGs were enriched in the innate compartment. Fc gamma receptor 

signaling pathway and toll-like signaling pathway were enriched, which play a critical 

role in response to external molecular patterns. When tumor cells were damaged by laser 

irradiation, tumor-associated antigens were released, which in turn activate the innate and 

the adaptive immune responses. In PPI network analysis, most DEGs were interacted with 

each other, indicating a huge biological process network, among which most of the top 20 

hub genes are involved in the immune responses.

In order to further depict the immune responses after PTT treatment, we inferenced the 

immune cell compositions. A larger population of macrophages were found in mice both 

before and after PTT treatment, which was reported as the most common immune cells 

in solid tumors [37, 38]. Macrophages can be classified to M1 and M2 macrophages, 
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among which M1 macrophages promote inflammation and inhibit cell proliferation, whereas 

M2 macrophages show a dichotomous function [39]. In tumor microenvironment, tumor

associated macrophages (TAMs) with a specific pathological context and polarization 

status are often M2-like macrophages. However, studies also showed that TAMs are not 

uniquely M2 macrophages; they can also share M1 and M2 signature polarization [40, 41]. 

Researchers have proved that TAMs will contribute to tumor growth and invasion by release 

different enzymes [42, 43]. In our study, M2 macrophages decreased remarkably after PTT 

treatment, indicating TAMs may be ablated by thermal effect. Dendritic cells (DCs), as the 

most potent antigen-presenting cells, can process tumor-associated antigens. Activated DCs 

composition showed an increasing trend after PTT treatment, except for a high activated 

DCs composition in one control mouse. We also observed an increase in activated NK cells 

in PTT-treated tumors, indicating that PTT is able to induce NK recruitment to activate 

adaptive immune response [44]. Treg cells were regarded as pro-tumor immune cells with 

cytotoxic T lymphocyte-associated antigen 4 (CTLA-4). In this study, we observed a large 

expansion of Treg after PTT treatment, which was consistent with the report by Wang et al., 

that PTT with single-walled carbon nanotubes increased the composition of CD4 T cells, 

most of which are Treg cells [19]. It may be a protection mechanism of organism to avoid 

strong immune response. PTT may increase Treg cells, and also upregulate other anti-tumor 

genes. However, the overall anti-tumor effect of PTT has been proven to be positive. 

Therefore, it is desirable to combine PTT with checkpoint inhibitors, such as anti-CTLA-4 

to improve the efficacy of PTT in treating tumors.

5 | CONCLUSION

In summary, a total of 256 DEGs were identified in melanoma bearing mice after PTT 

treatment, among which many HSPs and hemoglobin-related genes were upregulated. Using 

bioinformatics analysis, we found that many DEGs were enriched for immune response 

and immunological receptor activation. In addition, M2 macrophages composition decreased 

remarkably, indicating a PTT-potentiated anti-tumor effect, which is believed to balance 

the PTT-induced Treg cell increase. Therefore, this study provides further evidence the 

anti-tumor effects induced by PTT through the cell death mechanism at the transcriptional 

level in treating melanoma.
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• Photothermal therapy (PTT) exhibited a good outcome on melanoma.

• Genes expressions and Immune cell compositions were quantified after PTT 

treatment.

• Most of differentially expressed genes involved in immune response and 

inflammatory response.

• M2 macrophage composition was decreased after PTT treatment.
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FIGURE 1. 
Differentially expressed genes (DEGs) identification. A, Overview of gene expression 

states estimated by Pearson correlation coefficients among different samples. B, DEGs 

(photothermal therapy [PTT] vs control). C, Volcano plots with all analyzed coding genes. 

Black dotted lines indicate the thresholds of fold change and P value, respectively. D, 

Heatmap of DEGs. Red and Blue colors represent upregulated and downregulated gens, 

respectively
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FIGURE 2. 
Gene ontology functional annotation at three different levels. A, biological process (BP), B, 

molecular function (MF), and C, cellular component (CC), for differentially expressed genes 

(DEGs) identified from photothermal therapy (PTT) vs control group. Each node represents 

a gene ontology (GO) term, and nodes with the same color were in the same group. Edge 

between two nodes mirrors two GO terms shared same DEGs
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FIGURE 3. 
KEGG and REACTOME pathway enrichments. Enrichments analysis regarding to A, Kyoto 

encyclopedia of genes and genomes (KEGG) pathways and B, REACTOME pathways. Each 

node represents a pathway term, and nodes with the same color were in the same group. 

Edge between two nodes mirrors two pathway terms shared same differentially expressed 

genes (DEGs)
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FIGURE 4. 
Protein–protein interaction (PPI) network analysis of differentially expressed genes (DEGs) 

identified from photothermal therapy (PTT) group. A, PPI network constructed from all 

DEGs of PTT group. B, Top 20 highly connected proteins. C, The first three major modules. 

Blue and red points represent proteins encoded by downregulated and upregulated genes, 

respectively
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FIGURE 5. 
Immune cells compositions deconvoluted from expression signal matrix. A, Average 

immune cells compositions between control and photothermal therapy (PTT) groups. B, 

Representative immune cells change between control and PTT groups. Data are presented as 

the means ± SEM. *P < .05; **P < .01
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