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1. Introduction 

1.1. Epidemiology 

Melanoma is a type of cancer arising from the unregulated proliferation of pigment-

producing melanocytes (1-3). Melanoma of the skin, leptomeninges, and uveal tract have 

been extensively described, although, cutaneous melanoma remains the most prevalent 

and most lethal form of skin cancer (4, 5) and thus will be the subject of focus of this 

chapter. Over the past 50 years, a significant increase in the incidence of melanoma has 

been observed in comparison to almost any other type of cancer (6-8). It is a highly 

aggressive cancer with a tendency to metastasize beyond the primary site relatively early 

(4, 9). Over the last several decades, a steady increase in the incidence of melanoma has 

been observed worldwide (10, 11). A significant increase in the annual incidence of 4-

6 % has been observed in Caucasian populations that predominate regions such as New 

Zealand, Northern Europe, North America, and Australia (12-14) (Figure 1). This is most 

prominently due to the decrease in melanin and the consequential decrease in 

photoprotection seen in these populations (15). In contrast, darker skin populations show 

significant photoprotection from ultraviolet (UV) A and B radiation due to the 

significantly higher melanin in the skin (12, 13, 15). Ultraviolet radiation is considered 

the most important risk factor of melanoma due to its ability to induce malignant 

transformation of skin cells (14, 16, 17). 

Figure 1. Worldwide melanoma age-standardized incidence rate (2020), both 

sexes, age 0-74, by geography. Modified from the original figure of Cancer 

Today (18). 
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Fair-skinned populations can attenuate UVB radiation by only 50 % compared to the 

darker-skinned population (15). Differences in geography play a significant role in the 

incidence of melanoma among people with similar ethnicity (19). Geographical 

differences can result in variations in seasons, altitude, atmospheric absorption, latitude, 

and cloud cover which as a result influences the amount of UV radiation in contact with 

the skin. Melanoma incidence has been reported to increase with increasing proximity to 

the equator (19). In Australia, populations living close to the equator with higher exposure 

to sunlight experience an increased incidence of melanoma compared to populations 

farther from the equator (20). For example, a higher incidence of melanoma is observed 

in the predominantly tropical state of Queensland (latitude 27 °S) compared to the non-

tropical region of New South Wales (latitude 34°S) in Australia (21, 22).  

From a public health perspective, melanoma presents a unique problem with a 

considerable burden to public health and a substantial annual cost of management (23). 

In the United States alone, the annual cost of melanoma management is estimated to have 

increased by 288% over the last decade and out of the $8.1 billion direct annual costs of 

skin cancer, melanoma comprised a total of $3.3 billion (23), while the indirect cost of 

melanoma is estimated to be over $3.5 billion annually (24). Subsequently, the cost of 

treatment is significantly high and is projected to increase as the incidence of melanoma 

increases (23). The direct and indirect cost of melanoma management may subsequently 

be reduced if adequate population-based control strategies are implemented. With the 

help of epidemiological studies, investigators can now identify populations at risk which 

helps in developing population-based control of melanoma incidence through preventive 

methods, management strategies, and treatments (21). 

1.2. Pathogenesis and risk factors of melanoma 

1.2.1. Exogenous factors in the development of melanoma 

Ultraviolet radiation (UVR) can be classified into UVA, UVB, and UVC. UVR is 

well-known to be the main environmental risk factor for developing primary cutaneous 

melanoma in the world. Of the three types of UVR, UVC is thought to be a minor 

contributor to skin cancer since the atmospheric ozone layer blocks most of it from 

reaching the earth's surface (22). Ultraviolet radiation can induce significant DNA 

damage directly or indirectly in living organisms. The dimerization of pyrimidines in 
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DNA is a common after-effect of UV irradiation resulting in the formation of pyrimidine 

(6-4) pyrimidone photoproducts ((6-4) PPs) and cis-syn cyclobutane pyrimidine dimers 

(CPDs) as major products (Figure 2). 

Figure 2. Photoproducts of UVB and UVC irradiation on DNA at different 

wavelengths (UVA: ultraviolet A, UVB: ultraviolet B, UVC: ultraviolet C, 8-

oxo-dG: 8-oxo-7,8-dihydro-2’-deoxyguanosine, CPD: cis-syn cyclobutane 

pyrimidine dimers, (6-4)pp: (6-4) pyrimidone photoproducts). Modified from 

the original figure of Pfeifer GP et al. (2012) (25) 

In comparison to UVB and UVC, UVA irradiation can also induce CPDs although at 

a low level making it less mutagenic (26, 27). UVA and UVB further promote indirectly 

the formation of oxidized DNA bases such as 8-oxodG (8-oxo-7,8-dihydro-2’-

deoxyguanosine) (28-32). The DNA damage and formation of corresponding 

photoproducts following UVA and UVB irradiation occur at different wavelengths as 

indicated in Figure 2. However, UV radiation with shorter wavelengths is blocked by 

oxygen and the ozone layer in the atmosphere, and thus not a major risk factor for 

developing melanoma (Figure 2, “stop” sign) (25). 

1.2.2. Endogenous factors in the development of melanoma 

Genetic factors play a significant role in the occurrence of melanoma. In contrary to 

many other cancer types, multiple genes of different penetrance affects the lifetime risk 

and susceptibility of developing melanoma as described in Table 1. 
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Table 1. Genetic mutations involved in the development of melanoma (33) 

(CDKN2A: cyclin-dependent kinase 2A, CDK4: cyclin-dependent kinase 4, TERT: 

telomerase reverse transcriptase, POT1: protection of telomeres 1, MC1R: melanocortin 

1 receptor, MITF: microphthalmia-associated transcription factor) 

1.2.2.1. High-penetrance genes 

CDKN2A is a high-penetrance gene that results in a significant predisposition to 

melanoma. It is found in about 20% - 40% of high-risk families for melanoma (38, 39). 

CDKN2A is a tumor suppressor gene that encodes the cell cycle regulator proteins 

p14ARF (p14) and p16INK4A (p16) (Table 1). p14 in its self is also a tumor suppressor 

capable of inducing cell cycle arrest leading to apoptosis via the p53 pathway. p16 on the 

other hand inhibits protein phosphorylation of retinoblastoma (RB) via a cyclin-

dependent kinase 4 (CDK4) leading to cell cycle arrest in the G1 phase (34). 

Another high-penetrance gene is the CDK4 oncogene which encodes the binding 

partners of p16, mutation of which results in an increased risk of developing melanoma. 

Mutation in CDK4 leads to uninhibited CDK4 kinase activity due to the inability of p16 

to bind and regulates its activity, resulting in increased phosphorylation of retinoblastoma 

bound to elongation factor 2 (E2F) transcription factors. As a result, E2F release is 

Gene Penetrance Gene Encoded Protein Role 

High-penetrance 

CDKN2A 
p16

INK4a
 

Cell cycle regulator 

p14
ARF

 
Cell cycle regulator 

CDK4 CDK4 Cell cycle regulator 

TERT Catalytic subunit of 

telomerase 

Telomere elongation 

POT1 POT1 Telomere maintenance 

Intermediate-penetrance 

MC1R MC1R Melanin synthesis and 

melanocyte 

proliferation 

MITF MITF Melanocyte 

development and 

differentiation 

DOI:10.14753/SE.2022.2552



  

14 

 

increased leading to pro-S phase cell cycle genes activation that promotes the transition 

from G1 to S phase of the cell cycle (34).  

Additionally, TERT genes have been demonstrated to play a significant role in 

melanoma development and like CDKN2A and CDK4, is a high-penetrance gene. TERT 

encodes the ribonucleoprotein complex, a catalytic subunit of telomerase responsible for 

maintaining telomere length. Mutations in TERT result in higher telomerase expression 

leading to telomere stabilization with an effect on cell senescence, aging, and turnover 

(35, 36). POT1 is another high-penetrance gene, necessary for the maintenance of 

telomere. POT1 alongside TERF2IP and ACD are members of the shelterin complex 

genes and early-onset melanoma has been demonstrated to be significantly higher in 

families carrying POT1, TERF2IP, and ACD gene mutations (37-39). 

1.2.2.2. Intermediate-penetrance genes 

As described in Table 1, MCIR and MITF are two genes with intermediate penetrance, 

mutations of which increase significantly the risk of developing melanoma. MCIR gene 

is involved in cutaneous pigmentation via encoding of G-protein coupled receptor that 

binds α melanocyte-stimulating hormone (αMSH). cAMP-induced tyrosinase activity is 

increased when αMSH binds to melanocortin 1 receptor (MC1R). The cumulative effect 

of this results in the synthesis of eumelanin. R alleles of MCIR variants notably are 

involved with an increased risk of melanoma development (40). The ability of MCIR to 

influence the risk of melanoma development is mediated via its effect on UV sensitivity, 

pigmentation, DNA repair mechanisms, cell differentiation, proliferation, and regulation 

of melanocytes (41). On the other hand, MITF is another gene with intermediate 

penetrance that plays a role in the regulation of melanocytes homeostasis and influences 

cell proliferation, survival, and differentiation (42). Increase susceptibility to familial 

melanoma has been demonstrated in families with MITF gene mutation (43, 44). 

1.3. Molecular subtypes of melanoma 

1.3.1. BRAF subtype 

Due to its role in cellular growth control, survival, and invasion, the mitogen-

activated protein kinase (MAPK) pathway is involved in the pathogenesis of several 

cancers. MAPK signaling pathway starts when receptor tyrosine kinase (RTK) activates 

the protein RAS. Activated RAS causes the recruitment of specific RAF proteins into the 
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membrane, following which RAF phosphorylates the mitogen-activated protein kinase 

kinase (MEK), a prominent protein kinase that phosphorylates extracellular signal-

regulated kinase (ERK). ERK is responsible for the direct and indirect activation of 

multiple transcription factors necessary for cell survival and proliferation (45-48). 

Activation of these pathways mostly occurs in the presence of BRAF (V-Raf Murine 

Sarcoma Viral Oncogene Homolog B1) mutation of which results in the uncontrollable 

proliferation and survival of melanoma cells (49) (Figure 3). BRAF mutations in the case 

of non-chronically sun damaged (NCSD) melanomas have been demonstrated to be more 

frequent than in chronically sun-damaged (CSD) melanoma, acral melanoma, and UV-

activated mucosal melanoma. The BRAF subtype is also more prevalent in younger 

patients compared to other subtypes of melanoma (50). 

Figure 3. Genetic alterations in the MAPK pathway that constitutes the 

molecular subtypes of melanoma (RAS: rat sarcoma virus protein, RAF: rapidly 

accelerated fibrosarcoma, GTP: guanosine-5'-triphosphate, BRAF: V-Raf 

murine sarcoma viral oncogene homolog B1, MEK: mitogen-activated protein 

kinase kinase, ERK: extracellular signal-regulated kinase, P: phosphate). 

Modified from the original figure of Munoz-Couselo E et al. (2015) (51) 
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1.3.2. RAS subtype 

The second major melanoma subtype consists of RAS mutations, which mostly 

include NRAS Q61K/L/R or NRASG121D. These are missense mutations that lead to a 

substitution of an amino acid at 12, 13, or 61 positions. The presence of somatic mutations 

in NRAS locus has been demonstrated in 13-25% of all malignant melanomas. The 

consequence of these mutations is a major NRAS activation and subsequent MAPK signal 

pathways activation (52-54). Interestingly, RAS mutations in congenital nevi are common, 

and in inherited nevi are absent. However, in CSD skin melanomas, NRAS mutations are 

more common (55). 

1.3.3. NF1 subtype 

Mutations in Neurofibromin 1 (NF1) protein that negatively regulate RAS proteins 

are the third most frequent mutation in the MAPK signaling pathway. NF1 is a Guanosine 

Triphosphatase (GTPase)-activating a protein known to reduce RAS activity via GTPase 

activation. NF1 loss of function is an alternative way to activate the MAPK signaling 

pathway (56). The mutations in NF1 define some subtypes of melanoma, primarily 

desmoplastic melanoma (57). 

1.3.4. Triple wild-type subtype 

Triple wild type (Triple-WT) melanoma is characterized by the absence of BRAF, 

NRAS, or NF1 mutations. Somatic copy-number alteration studies have shown that 

Triple-WT melanoma had significantly more alterations in the copy-number which was 

enhanced with critical amplifications targeting known oncogenes (58). Oncogenes such 

as transmembrane receptor tyrosine kinase (KIT), platelet-derived growth factor receptor 

alpha (PDGFRA), and vascular endothelial growth factor receptor 2 (VEGFR2) have 

been demonstrated to be often amplified. Some of the BRAF/NRAS/NF1 wild-type 

melanomas also show amplification in vital oncogenes such as cyclin D1 and Cyclin-

dependent kinase 4 (CDK4), mouse double minute 2 (MDM2), and Telomerase Reverse 

Transcriptase (TERT) (59). 
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1.4. Therapeutic options in the management of melanoma 

1.4.1. Surgical management of melanoma 

Local excision is the standard treatment for primary skin melanoma and can often 

cure localized small tumors without metastases. Because abnormal melanocytes 

frequently occur in the epidermis around the tumor, extensive local excision is often 

required (60). Depending on the tumor thickness and site, the scar is excised with a margin 

of 1-2 cm and sentinel node biopsy is performed for staging where appropriate. A 

complete lymphadenectomy of the affected region is indicated in cases of clinically 

detected regional lymph node metastases or metastatic sentinel nodes. Resectable 

metastases with narrow, yet clear margins are excised. Surgical treatment in the case of 

distant metastases of cancer can be considered as either a life prolongation procedure or 

strictly as a palliative therapy (61). 

1.4.2. Chemotherapeutic management of melanoma 

Chemotherapy was the treatment option for metastatic melanoma before 2011 when 

ipilimumab and vemurafenib were introduced. Dacarbazine (DTIC) is an alkylating agent 

that incorporates alkyl groups into guanine bases in DNA and induces apoptosis as a 

consequence. For decades, DTIC was used to treat metastatic melanoma at a 10-20 % 

response rate. However, in a phase III trial, the DTIC was never shown to raise overall 

survival (OS). There have been efforts to improve the OS by chemotherapy but without 

success. Temozolomide is often favored as it is an oral DTIC analog that demonstrates 

similar effects in metastatic melanoma treatment (62). 

1.4.3. Targeted therapy in the management of melanoma 

In 2011, the first orally available selective antagonists of BRAF (BRAFi), 

vemurafenib, were approved nine years after the discovery of common BRAF mutations 

in melanoma. It attaches to BRAF proteins induced by V600 mutations (63). In 2012 the 

European Medicines Agency (EMA) approved vemurafenib for use in unresectable stage 

III or IV melanoma. The second BRAFi, dabrafenib, was authorized in 2013 after 

sustained progression-free survival (PFS) interaction in BRAFV600-mutant melanoma 

was demonstrated (64). However, BRAFi therapy demonstrates significant adverse 

effects such as headache, hyperkeratosis, pyrexia, fatigue, and arthralgia. New dermal 
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neoplasms, particularly skin squamous cell carcinoma, are also a common side effect. 

The new dermal neoplasms are formed due to paradoxical activation of RAF proto-

oncogene serine/threonine-protein kinase (CRAF) in the BRAF-wild type cells which 

promote the development of premalignant RAS-mutant cells (63). 

1.4.4. Immunotherapy in the management of melanoma 

1.4.4.1. Immunotherapeutic effects of cytokines 

Interferons are a family of white blood cells-derived molecules produced to react 

with pathogenic agents or foreign antigens. Interferons play significant roles in 

immunology and in tumor cells are involved in the downregulation of the cell cycle, 

induction of apoptosis increases expression of tumor antigens, and plays a role in the 

activation of T-lymphocytes (65). Recombinant interferon α-2b has been licensed as an 

adjuvant melanoma therapy by European Medicines Agency (EMA) since the year 2000 

(66). Additionally, recombinant IL-2 has been approved and used in the United States for 

several decades in metastatic melanoma therapy with a 5-27 % response rate (67). 

1.4.4.2. Immunotherapeutic effects of checkpoint inhibitors 

The advent of checkpoint inhibitors contributed to a revolution in the treatment of 

metastatic melanoma. Cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) is a 

prominent checkpoint protein that negatively regulates the activation of T-cell (Figure 4). 

The first checkpoint inhibitor to improve overall survival in metastatic melanoma was 

Ipilimumab, a monoclonal antibody that blocks CTLA-4 and thus increases the anti-tumor 

T-cell immunity. Programmed cell death-1 (PD-1) is another check-point protein via 

which tumor cells can escape the immune system. Tumor cells can associate with PD-1 

on T-cells by expressing their ligands, programmed death-ligand 1 (PD-L1), and 

programmed death-ligand 2 (PD-L2), thereby inhibiting T-cell activation and 

proliferation (68) (Figure 4). Pembrolizumab and nivolumab are monoclonal antibodies 

that bind to and block PD-1 on lymphocytes and have been demonstrated to have a 

significant increase in survival when compared to chemotherapy. Both antibodies are 

approved for the treatment of metastatic melanoma by EMA since 2015 (69). 
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Figure 4. Checkpoint inhibitors and their mechanisms of action (CTLA4: 

cytotoxic T-lymphocyte-associated protein-4, CD28: cluster of differentiation 

28, TCR: T-cell receptor, PD1: programmed cell death-1, Anti-CTLA4: anti-

cytotoxic T-lymphocyte-associated protein-4, Anti-PD1: anti-programmed cell 

death-1, MHC: major histocompatibility complex, PDL1: programmed death-

ligand 1, PDL2: programmed death-ligand 2). Modified from the original figure 

of Karlsson AK et al. (2017) (70) 

1.4.5. Radiotherapy in the management of melanoma 

Melanoma is traditionally regarded as radiation-resistant cancer (71). However, the 

risk of regional relapse following lymphadenectomy in high-risk stage III melanoma may 

be reduced by adjuvant radiation therapy (72-74). The effect is seemingly greater for 

cervical lymph nodes, with the highest risk of complications, such as lymphedema, 

delayed healing, and fibrosis, seen with irradiation to regional inguinal lymph nodes. 

While the majority of studies, including a recent randomized trial, have shown that 

adjuvant radiotherapy provides no survival benefit (72, 74), a retrospective study of > 600 

patients revealed longer disease-specific survival (DSS) independently associated with 

radiation therapy (73). In a different retrospective study, improved survival was 

correlated only with a cumulative dose of > 50 Gy. Radiotherapy is also used in the 

palliative management of distant metastases. Furthermore, stereotactic radiosurgery is a 

viable alternative to surgical procedures for limited (<3 cm) metastasis and brain 

oligometastatic melanoma diseases (75). 
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1.4.6. Oncolytic viruses in the management of melanoma 

Numerous viruses can infect tumor cells, resulting in the activation of tumor-specific 

T-cells. T-VEC (Talimogene laherparepvec) is a genetically modified herpes simplex 

virus, which can induce systemic and local antitumoral responses when injected into 

nodular melanoma metastases, cutaneous metastases, and subcutaneous metastases (76). 

A phase III randomized trial of 436 patients with unresectable type IIIB-IVM1c 

melanoma demonstrated a 26 % overall response rate and 11 % complete response in T-

VEC treated patients. The sub-group analysis revealed that only patients with stage 

IIIBIVM1a disease exhibited a clinical benefit. In 2015, EMA approved T-VEC for 

unresectable stage III IVM1a melanoma (77). 

1.4.7. Antigen-based active immunotherapy in the management of 

melanoma 

Melanoma-associated antigens (MAGE) are a group of related proteins commonly 

found in tumor tissues but not in normal tissues except for testis and placenta (78). Over 

the past several years, studies have focused on developing immunotherapy composed of 

MAGE-A3, which is often present on the surface of melanoma cells, along with an 

immune-stimulant. The immunotherapy induces an antigen-specific immune response 

within the host. When 36 patients with MAGE-A3-positive, unresectable stage III-IVM1a 

melanoma were administered intramuscularly with recombinant MAGE-A3 and 

immunostimulant AS15 in a phase II trial, four patients (11 %) showed an objective 

response and superior overall survival compared to the control group (79). 

1.4.8. Adoptive cell therapy in the management of melanoma 

Adoptive cell therapy fundamentally involves the harvesting of the patient’s tumor-

specific T-cells, in vitro expansion of T-cell clones, and subsequent transfer of the cell 

back to the patient after treatment with a lymphocyte-depleting regiment. To increase the 

immunologic anti-tumor response, this is followed by a high dose of IL-2. In phase II 

trials, response rates of 38-50% were demonstrated in metastatic melanoma (80). 

Adoptive cell therapy is typically a promising method of treatment but it faces numerous 

challenges, amongst which the most evident is the need for resources and time (81). 
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1.5. Mechanism of apoptotic cell death and cell senescence 

Apoptosis is a type of programmed cell death with caspases at the center of its 

mechanism, acting both as initiators and executioners of apoptosis. The processes that 

lead towards the activation of caspases are divided primarily into the intrinsic and 

extrinsic pathways as described in Figure 5 (82). 

1.5.1. The extrinsic pathway 

The extrinsic death receptor pathway begins with the binding of Fas ligand (FasL) 

and/or Tumor Necrotic Factor (TNF) to Fas (CD95) and type 1 TNF receptor (TNFR1) 

death receptor respectively (83). The binding of these ligands to their respective receptors 

initiates a cascade of intracellular events such as the recruitment of Fas-associated death 

domain (FADD), TNF receptor-associated death domain (TRADD), and caspase 8 (84). 

The ligand-death receptor interaction enables the binding of an adaptor protein, creating 

the ligand-death receptor-adaptor protein complex or the death-inducing signaling 

complex (DISC) (85). Formation of DISC results in pro-caspase 8 cleavage to produce 

activated caspase 8, an initiator caspase. Caspase 8 plays a significant role in the cleaving 

and activation of executioner and other downstream caspases thereby initiating the 

process of apoptosis (86). 

1.5.2. The intrinsic pathway 

Contrary to the extrinsic death receptor pathway, the intrinsic pathway is enabled via 

internal triggers coming from within the cells such as hypoxia, oxidative stress, 

irreversible DNA damage, and high calcium ion concentration (87). Each triggering 

factor results in increased mitochondrial permeability and the consequential release of 

cytochrome-c, a prominent pro-apoptotic molecule (88). The regulation of this pathway 

is mediated primarily by the Bcl-2 family proteins. Bcl-2 family proteins are further 

divided into the anti-apoptotic proteins such as Bcl-2, Bfl-1, Bcl-XL, Bcl-W, and Mcl-1 

and the pro-apoptotic proteins such as Bax, Bcl-Xs, Bak, Bad, Bim, Bid, Bik, and Hrk. 

The release of cytochrome-c from the mitochondria is blocked by anti-apoptotic proteins, 

while pro-apoptotic proteins promote its release. The balance between pro-apoptotic and 

anti-apoptotic proteins determines the fate of the cell and whether apoptosis will be 

initiated (89). In the cytoplasm, caspase 3 is activated by cytochrome c resulting in the 

formation of a cytochrome c, caspase 9, and Apaf-1 complex known as apoptosome (90). 
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Figure 5. Extrinsic and intrinsic pathways of apoptosis (DR: direct, TNF: tumor 

necrotic factor, TNFR1: tumor necrotic factor receptor 1, TRADD: tumor 

necrosis factor receptor-associated death domain, TRAF: tumor necrosis factor 

receptor–associated factor, RIP: receptor-interacting protein, IAP: inhibitors of 

apoptosis proteins, FADD: Fas-associated death domain, NFkB: nuclear factor 

kappa-light-chain-enhancer of activated B cells, FASL: Fas-ligand, DD: death 

domain, DED: death effector domain, DISC: death-inducing signaling complex, 

PROCASP8: procaspase 8, PROCASP9: procaspase 9, CASP3: caspase 3, 

CASP6: caspase 6, CASP7: caspase 7, CASP8: caspase 8, CASP9: caspase 9, 

CAD: caspase-activated DNase , ICAD: inhibitor of caspase-activated DNase, 

SMAC: second mitochondria-derived activator of caspase, DIABLO: direct 

inhibitor of apoptosis-binding protein with low pI, APAF1: apoptotic protease 

activating factor 1, ATP: adenosine triphosphate, dATP: deoxyadenosine 

triphosphate, BID: BH3 interacting-domain death agonist, NOXA: phorbol-12-

myristate-13-acetate-induced protein 1, PUMA: p53 upregulated modulator of 

apoptosis, BAX: Bcl-2 associated x-protein, BAK: Bcl-2 homologous antagonist 

killer, BCL-2: B-cell lymphoma 2). Modified from the original figure of 

Cavalcante GC et al. (2019) (82) 
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1.5.3. The common pathway of apoptosis 

The extrinsic and intrinsic pathway of apoptosis results in the production of caspase 

8 and caspase 9 respectively. Both pathways converge in the formation of caspase 3, an 

effector caspase. Cleavage of caspase-activated deoxyribonuclease inhibitor by caspase 

3 results in nuclear apoptosis. Furthermore, protein kinases, DNA repair proteins, 

cytoskeletal proteins, and endonucleases family inhibitory subunits are cleaved by 

downstream caspases. Together, these affected proteins and their corresponding 

processes result in morphological changes that ultimately lead to apoptosis (91). 

1.5.4. H2AX-mediated cell cycle arrest/apoptosis via the p53/p21 

pathway 

Cellular response to DNA damage includes a series of events that leads to either 

apoptosis or cell cycle arrest. One such event is the phosphorylation of histone 2AX 

(H2AX) (92). The serine 139 H2AX phosphorylation was first shown to be dependent on 

ataxia telangiectasia-mutative (ATM) kinase in mammalian cells treated with ionizing 

irradiation (91, 92) (Figure 6). Immediately after the generation of DNA breaks, H2AX 

phosphorylation occurs, mediating the formation of protein clusters at the damage site 

(93). The development of phosphorylated H2AX (γ-H2AX) foci has also been 

demonstrated after replication halting and single-stranded breaks of DNA (94-96). DNA 

damage results in either apoptosis or cell cycle arrest which allows for cellular repair. In 

both pathways, p53 is essential (96, 97) (Figure 6 and 7). Following DNA damage, p21 

plays a critical role in the induction of G1 arrest via a p53-dependent process (98). p21 is 

a cyclin/cyclin-dependent kinases inhibitor that mediates the downstream effect of p53 

on cell cycle arrest and senescence (99).  
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Figure 6. DNA damage pathway to cell cycle arrest (ATM: ataxia telangiectasia 

mutated, ATR: ataxia telangiectasia and rad3-related protein, CDK2: cyclin-

dependent kinase 2, CDK4/6: cyclin-dependent kinase 4/6, Rb: retinoblastoma, 

P: phosphate, E2F: elongation factor 2). Modified from the original figure of 

Amaya-Montoya M et al. (2020) (98) 

Figure 7. Signaling pathways involved in senescence, cell cycle arrest, and 

apoptosis (CDK2: cyclin-dependent kinase 2, CDK4/6: cyclin-dependent kinase 

4/6, RB: retinoblastoma, DNA: deoxyribonucleic acid, NOXA: phorbol-12-

myristate-13-acetate-induced protein 1, PUMA: p53 upregulated modulator of 

apoptosis, DNMT3a: DNA (cytosine-5)-methyltransferase 3a, Bcl-2: B-cell 

lymphoma 2, Bcl-XL: B-cell lymphoma-extra-large, SASP: senescence-

associated secretory phenotype). Modified from the original figure of Childs BG 

et al. (2014) (100) 
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p21 blocks the cyclin-dependent kinases from phosphorylation by retinoblastoma 

protein (101) (Figure 6 and 7), or by binding to and inactivating the proliferating cell 

nuclear antigen (PCNA) (102) and elongation factor 2 (E2F) a cascade of processes are 

initiated which results in cell cycle arrest (102-104). 

1.6. Tumor immunology 

1.6.1. The microenvironment of tumors 

The tumor microenvironment consists primarily of tumor cells, stromal cells, and 

non-malignant cells. The stroma is made up of specialized mesenchymal cell types, 

vasculature consisting of pericytes and endothelial cells, adaptive and innate immune 

cells, as well as, specialized proteins, structural proteins, and proteoglycans that makes 

up the extracellular matrix. Intercellular communication is enabled mainly via the release 

of chemokines and cytokines (105). The major components of the tumor 

microenvironment are B-cells, T-cells, NK-cells, NKT-cells, dendritic cells, myeloid-

derived suppressor cells, tumor-associated macrophages, tumor-associated neutrophils, 

adipocytes, fibroblasts, lymphatic endothelial cells, pericytes, and vascular endothelial 

cells (106). 

1.6.2. Cancer immunity cycle  

Previously, Chen et al had described the cancer immunity cycle, reiterating the role 

that T-cell response plays in tumor growth suppression and destruction (107). The cancer 

immunity cycle can be categorized into seven major processes that culminate in the 

cytotoxic destruction of cancer cells. Each process involves the recruitment of several 

inhibitory and stimulatory factors. While inhibitory factors are involved in keeping 

checks and balances of the immune system and preventing over-stimulation or 

autoimmunity, the stimulatory factors are engaged in immune-activating processes. As a 

first step, necrotic cancer cells release antigens which are captured by dendritic cells for 

further processing. This is followed by processing of captured antigens, migration of the 

dendritic cells to regional lymph nodes, and presentation of the processed antigen on 

MHC class I to CD8+ T-lymphocytes and on MHC class II to CD4+ T-lymphocytes. The 

ability of dendritic cells to perform these functions depends on the status of their 

maturation. Several factors play an essential role in regulating the maturation of dendritic 
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cells such as inflammatory cytokines, bacterial-derived antigens, and whole bacteria, 

ligation of selected cell surface receptors, such as toll-like receptors, viral products, and 

CD40. During maturation, dendritic cells undergo several functional and phenotypical 

changes such as cytoskeleton reorganization and morphological changes, chemokines, 

proteases, and cytokines secretion, chemokine receptors and adhesion molecules surface 

expression, externalization of MHC molecules from intracellular compartments to the 

surface, and increase surface expressions of co-stimulatory molecules, such as CD80, 

CD40, and CD86 (108). The ability of dendritic cells to stimulate T-cells is dependent on 

the presence of inflammatory cytokines such as TNFα, IL1, IFNα, stimulatory factors, 

and costimulatory molecules (109). The third process involves priming and activation of 

effector T-lymphocyte responses with specificity against cancer cell antigens. At this 

stage, the ratio of T-cells versus T-regs determines the degree of the immune response to 

the activating cancer antigens. IL-2 and IL-12 are also essential for the activation of CD8+ 

T-cells, which are secreted by CD4+ T-helper cells and dendritic cells respectively. The 

next process involves the migration of effector CD8+ T-cells to the tumor site via special 

chemotactic chemokines, such as C-X-C motif chemokine ligand 5 (CCL5), C-X-C motif 

chemokine ligand 9 (CXCL9), and C-X-C motif chemokine ligand 10 (CXCL10). Next, 

extravasation of T-cells through the vascular endothelium towards the tumor is enabled 

via specific interactions between the T-cells and selectins, as well as, intercellular 

adhesion molecule 1 (ICAM-1). Upon arriving at the tumor site, as a next step, T-cells 

interact with the tumor cells via a CD8+ T-cell receptor (TCR) which binds with tumor 

antigen presented on major histocompatibility complex (MHC) class I of the cancer cells. 

This interaction results in the release of cytotoxic granules, cytokines and death receptors 

upregulation, such as Fas Ligand (FasL). This interaction results in the activation of 

caspase-dependent apoptosis and cell death of tumor cells, resulting in further release of 

tumor antigens that enhances the cancer-immunity cycle (109). Natural killer cells (NK-

cells) also play a critical role as part of the immune surveillance via recognition and 

destruction of cells lacking in MHC class I (110). The function of NK-cells however is 

dependent on both lack of MHC class I as well as activating and inhibitory signals. 

Inhibitory receptors such as leukocyte inhibitory receptors (LIR) and killer 

immunoglobulin-like receptors (KIRs) are expressed on NK-cells. Likewise activating 

receptors such as CD16, Ly49 and natural killer group 2D (NKG2D) can be found on 
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NK-cells (111). The cytolytic killing of cells requires an appropriate balance between all 

activating and inhibiting signals to occur (112). 

1.6.3. Cancer immunoediting 

The immunoediting hypothesis describes the role of the immune system in protecting 

the host from tumor development as well as its role in the modulation of the tumor 

immunogenicity (113). Immunoediting consists of three phases which include elimination, 

equilibrium, and escape of tumor cells. The elimination phase describes the ability of the 

innate and adaptive immune system to identify and destroy tumor cells early on, before 

the development of a clinically significant tumor. The equilibrium phase describes the 

phase at which surviving cancer cells from the elimination phase still exist and thrive. 

While surviving cancer cells can escape the eliminating process of the immune system, 

they are primarily in a state of dormancy. However, changes in cancer immunity or 

intrinsic changes with the cancer cells may enable some cancer cells to propagate into the 

next phase of the immunoediting process, known as the escape phase. Progression into 

this phase leads to the formation of clinically significant tumors. Intrinsic changes in 

tumor cells such as the loss of tumor antigen expression especially due to genetic 

instability enable these cells to escape the immune system and continue developing 

irrespective of the presence of immune surveillance. Multiple mechanisms may affect the 

immunogenicity of cancer cells during the cancer-immunity cycle, leading to a decrease 

in recognition of tumor cells by T-cells, cytotoxic killing of cancer cells, T-cell tumor 

infiltration, and tumor antigen presentation to T-cells (114). 

1.6.4. Tumor antigen presentation and activation of cytotoxic T-cells  

Impairment of the ability of dendritic cells to present antigens, and activate T-cell 

response is one of the major important processes of tumor-induced immune suppression. 

The defect in dendritic cell function is common in cancers and is largely systemic which 

might be the result of an abnormal myeloid cell differentiation resulting in the 

accumulation of immature myeloid cells. These immature myeloid cells are termed 

“Myeloid-derived suppressor cells (MDSCs)”. Cancer cells secrete several factors, 

capable of inhibiting the differentiation of myeloid progenitors into dendritic cells such 

as transforming growth factor-beta (TGFβ), vascular endothelial growth factor (VEGF), 

Interleukin 6 (IL-6), Interleukin 10 (IL-10), granulocyte-macrophage colony-stimulating 
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factor (GM-CSF), and macrophage colony-stimulating factor (M-CSF). In addition to 

impairment in the differentiation of myeloid progenitors, the maturation process of these 

cells to dendritic cells can also be impaired, resulting in the formation of T-cell tolerance 

to cancer cells (115). 

1.6.5. T-cell tumor infiltration  

The homing of tumor-targeting effector T-cells is enabled via chemokine secretion 

that coordinates the migration of lymphocytes towards the tumor site. However, 

chemokines can suppress the tumor microenvironment (TME) by disrupting the normal 

chemokine signaling and may lead to infiltration of the TME by suppressive cell types 

such as regulatory T-cells (Tregs) and myeloid-derived suppressor cells (MDSCs) (116). 

The effect is the suppression of T-cell homing from the vascular endothelium to the tumor. 

Furthermore, tumor-derived angiogenic growth factors can inhibit the expression of 

adhesion molecules in vascular endothelial cells, thereby, limiting the ability of T-cells 

to extravasate and infiltrate tumors. In addition, TGFβ, IL-10, PD-L1 expressed by 

endothelial cells can have a negative suppressive effect on T-cells (117). 

1.6.6. Tumor-infiltrating immunosuppressive cells  

1.6.6.1. T-regulatory cells  

T-regulatory cells (Tregs) are a subset of immune cells that functions primarily in the 

maintenance of self-tolerance by suppression of immune cell proliferation, activation and 

effector functions (118). In the tumor microenvironment, they function to suppress anti-

tumor responses by immune cells. Increased infiltration of Tregs in tumors has been 

demonstrated in multiple solid tumors (119), as well as, malignancies of Hodgkin 

lymphoma (120). The increase in Tregs in solid tumors has a negative impact on 

prognosis in solid tumors. CD4+ and CD8+ Tregs have been described with the most 

extensively studied one being the CD4+CD25+FOXP3+ Tregs. The Tregs marker nuclear 

transcription factor Fork-head box P3 (FoxP3), plays an important function, not only as 

a marker of Tregs but also functions in modulating regulatory phenotype development 

(121). Two primary subsets of Tregs exist including induced Tregs (iTregs), which are 

induced T-regs produced under suppressive conditions, and natural Tregs (nTregs) which 

functions primarily in the suppression of innate and adaptive immune cells and are 

derived from the thymus (119). Thymus-derived Tregs migrate primarily to the periphery 
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and have a relatively homogeneous population. A sub-population of these thymus-derived 

Tregs has the capability of developing characteristics similar to effector T-cells and 

memory T-cells phenotypically. This enhances their ability to migrate into non-lymphoid 

and lymphoid tissues. Peripheral Tregs can develop from the conventional T-cells derived 

from the thymus, making them CD4+CD25-Foxp3- (114, 119). Evidence suggests that 

Tregs may express their suppressive functions based on multiple mechanisms, suggesting 

the possibility of functional specialization on these cells depending on the localization 

and type of immune response. One such mechanism is the ability of Tregs to secrete IL-

10 which functions in the inhibition of effector T-cell response, directly or indirectly. 

TGFβ and IL-35 are also secreted by Tregs, which functions to enhance conventional 

CD4+ T-cell differentiation to Tregs, thereby increasing further the population of Tregs 

in respect to T-helper cells during an immune response. Furthermore, Tregs expression 

of CTLA4 enables binding to CD80 and CD86 co-stimulatory molecules on dendritic 

cells. This leads to a downregulation of CD80 and CD86 on dendritic cells, limiting their 

capacity to cause T-cell activation. Also, Tregs can have a direct cytotoxic effect on 

effector T-cells by induction of apoptosis or release of cytolytic mediators (115, 116). 

1.6.6.2. Myeloid-derived suppressor cells  

Myeloid-derived suppressor cells (MDSCs) are immature cell populations derived 

from a myeloid origin and capable of inducing suppression of T-cell responses. In healthy 

individuals, MDSCs functions primarily to regulate tissue repair and immune cell 

responses. Pathological conditions such as trauma, cancer, inflammation, and infection 

lead to the expansion of the MDSCs population due to a block in the differentiation of 

myeloid cells (115). In patients with primary solid tumors, the expansion of MDSCs has 

been demonstrated (122). In cancers, following the recruitment of MDSCs, increased 

production and secretion of MDSC-derived cytokines have been described and the 

increase in cell-cell interactions leads to tumor progression. The ability of MDSCs to limit 

T-cell responses and infiltration into the tumor microenvironment promotes tumor 

immune escape (123). Expansion of MDSCs is enabled via activation of the Janus 

tyrosine kinase (JTK) signaling and signal-transducer-and-activator-of-transcription-3 

(STAT3) protein. STAT3 signaling can be activated by factors such as macrophage 

colony-stimulating factor (M-CSF), VEGF, IL-6, GM-CSF, prostaglandin, and stem cell 

factor (SCF). Activation of MDSCs via signal-transducer-and-activator-of-transcription-
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6 (STAT6) and signal-transducer-and-activator-of-transcription-1 (STAT1) signaling 

pathway can lead to upregulation of nuclear factor (NF)-kappa B. This activation can be 

achieved by several factors, such as toll-like receptors (TLRs), IL-4, Interferon-gamma 

(IFNγ), IL-13, and TGFβ (115). NF-kappa B activation results in the suppression of 

MDSC activity through Arginase-1 and inducible nitric oxide synthase (iNOS) enzyme 

upregulation (118, 119). Activated NF-kappa B results in the production of suppressive 

cytokines such as TGFβ which promotes Tregs induction (124). Antigen-specific CD8+ 

T-cell tolerance can also be induced by MDSCs (125). For the design, development, and 

administration of effective therapies in cancer treatment, it is crucial to understand the 

processes involved in the activation, development, and effects of MDSCs. 

1.7. Hyperthermia in cancer therapy 

1.7.1. Overview of hyperthermia therapy 

Alongside other treatment modalities such as radiotherapy, chemotherapy, 

immunotherapy, gene therapy, and surgery, hyperthermia is a widely used treatment 

modality in cancer therapy (126). In clinical settings, hyperthermia is mostly used in 

combination with other treatments, most especially radiotherapy and chemotherapy (127) 

which offers a much better synergistic therapeutic effect. In hyperthermia, thermal energy 

from an external heat source is applied to cancer cells which increases their temperature 

and leads to suppression of tumor growth (128). Higher temperature may have a direct 

damaging effect on cancer cells, augments chemotherapy and radiation therapy, or 

sensitize cancer cells to other treatment modalities. This confirms the use of hyperthermia 

as adjuvant therapy in cancer (129-131). Significant challenges exist in the application of 

hyperthermia clinically, such as the difficulty in achieving a homogenous dispersion of 

heat in treated tumors as well as failure in tumor-specific targeting without damage to 

adjacent normal tissues and organs (132).  

1.7.2. Local hyperthermia 

Local hyperthermia can be used to convey heat to the tumor, using intraluminal and 

superficial applicators, such as microwave, ultrasound, or radio waves (133). Local 

hyperthermia is used for relatively small tumors that arise superficially or in a cavity such 

as the rectum or esophagus. In local hyperthermia, different shapes and types of 
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superficial applicators, such as spiral, current sheet, or waveguide are positioned on the 

surface of tumors superficially. Water boluses are used simultaneously to maintain skin 

temperature at 37 °C to eliminate possible skin damage as an adverse effect (134). 

Intracavitary tumors, such as, esophageal, rectal, prostate, cervix, or vaginal tumors can 

be treated using intraluminal or intracavitary methods which apply heat directly into these 

organs (131). 

1.7.3. Regional hyperthermia 

Regional hyperthermia is a technique used mainly for the treatment of advanced 

tumors in the thighs, abdomen, and pelvic area. There are three primary methods of 

regional hyperthermia which include constant hyperthermic peritoneal perfusion (CHPP), 

thermal perfusion of limbs and organs, and intrinsic treatment (tumor heating via 

peripheral applicators) (135). Regional perfusion hyperthermia involves the temporary 

removal of the patient’s blood, heating, and reperfusion back into the organ or limb of the 

patient, typically with anticancer agents. Regional hyperthermia can be applied as a 

therapeutic measure for malignancies of legs or arms (e.g., melanoma), and visceral 

organs such as the liver and lungs. In comparison to whole-body hyperthermia, regional 

hyperthermia shows significantly reduced adverse effects (135). Regional hyperthermia 

is, therefore, more complex than local heating, primarily because of substantial physical 

and physiological variations in tissue properties. More precise preparation, temperature 

control, and quality assurance are therefore needed. The treatment of cancers within the 

peritoneal cavity, such as gastric cancers, and primary peritoneal mesothelioma, has been 

indicated for Hyperthermic Intraperitoneal Chemotherapy (HIPEC). In HIPEC, a 

chemotherapeutic agent is introduced into the peritoneal cavity after heating to a 

temperature of 41 - 42 °C (136). Consistent temperature measurement in HIPEC is 

particularly challenging and as a result, makes the heating of upper abdominal tumors 

difficult. The procedure has been used in conjunction with radiotherapy in multiple 

regional hyperthermia clinical trials (137). 

1.7.4. Whole-body hyperthermia 

Whole-body hyperthermia refers to an increase in whole-body temperature using 

radiation or extracorporeal heating methods in the treatment of cancers. Radiant whole-

body hyperthermia involves the use of inductive loops, hot blankets, and thermal 
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chambers to superficially heat the body (129, 138-140). On the other hand, extracorporeal 

whole-body hyperthermia is achieved by extraction of blood and heating it 

extracorporeally. In this case, the extracted blood is circulated through hot air or water 

bath and then recirculated into the main vein. Body temperature in this case is controlled 

by adjusting the volume flow of reinjected warmed blood (141). In whole-body 

hyperthermia, treatment can be conducted for 60 min at 42.0 °C or for 3 – 4 hr at 39.5 – 

41.0 °C. Depending on the treatment type, deep sedation or general anesthesia may be 

administered during treatment (129, 138-140). Significant pressure is put on the heart 

during whole-body hyperthermia treatment, thus, it is necessary to preserve the patient’s 

blood pressure to a systolic value of above 100 mmHg by injecting normal saline, 

following which the patient has to be checked weekly for any signs of adverse events 

(142). Significant, although temporary side effects often seen in whole-body 

hyperthermia include thermal pressure on the brain, lungs, heart, and liver, as well as, 

nausea, vomiting, and diarrhea (131). 

1.7.5. Application of hyperthermia in cancer therapy 

1.7.5.1. Hyperthermia as an isolated treatment 

Although hyperthermia is used in combination with other treatment modalities in 

clinical settings, it can also be used as an isolated treatment in the therapeutic management 

of cancers. Tumor and normal tissue respond differentially to heat, thus making the 

application of hyperthermia in cancer treatment feasible (138, 139). Tumor tissue shows 

significant differences in pattern and type of vascular distribution from normal tissue. 

While normal tissue depicts a typical array of vascularization consisting of arterioles, 

capillaries, and veins, a chaotic network of capillaries, predominantly lacking innervation 

and smooth muscle layers are often seen in tumor tissues (143). The resulting vascular 

abnormality creates inefficiencies in blood supply, leading to intra-tumoral hypoxia. 

Although mild temperature increase (37°C - 42°C) can cause significant vascular dilation 

and improved perfusion in tumor (144), temperatures greater than 42°C can have a 

significant damaging effect on tumor vasculature, resulting in increased permeability of 

vessels, exudative and transudative changes with accompanying increase in interstitial 

fluid pressure, as well as resulting compression of vessels with further aggravation of 

reduced vascular perfusion (145).  
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1.7.5.2. Hyperthermia combined with chemotherapy 

Combination of hyperthermia with chemotherapy can have a significant synergistic 

effect with enhanced drug cytotoxicity. An increase in tissue temperature accompanying 

hyperthermia treatment induces fluidity of the phospholipid bilayer of tumor cells, 

thereby, facilitating a decrease in membrane viscosity, increase permeability, and cellular 

uptake of drugs in cancer cells (144, 146). Furthermore, hyperthermia-induced changes 

in cellular metabolism, drug pharmacokinetics as well as excretion can enhance the 

cytotoxicity of some chemotherapeutic agents (147). The synergistic effect of 

hyperthermia with selected chemotherapeutic agents has well been described, especially 

in HIPEC. HIPEC is used primarily in combination with surgical therapy and involves 

the intraperitoneal administration and circulation of warmed chemotherapeutic agents in 

the peritoneal cavity for the treatment of advanced abdominal cancers. Significantly, 

improved therapeutic efficacy and index have been demonstrated with HIPEC in 

experimental studies. Higher thermal enhancement ratios are most evident with alkylating 

agents such as ifosfamide, melphalan, and cyclophosphamide (148). Peritoneal clearance 

of administered chemotherapeutic agents is relatively slow due to the existence of the 

peritoneal plasma barrier. This implies that higher intraperitoneal concentrations of the 

administered agent can be achieved, while systemic drug levels remain low (149). An 

additional advantage of HIPEC is that peritoneal blood drainage occurs through the portal 

vein leading to the liver. In the liver, detoxification of the drained blood (first-pass effect) 

occurs, furthermore decreasing the potential systemic side effect of these 

chemotherapeutic agents (150). 

1.7.5.3. Hyperthermia combined with radiotherapy 

As described in the previous section, chaotic vascularization of tumor tissue leads to 

hypoxia which results in the radioresistance of the tumor. Thus, improvement of the 

hypoxic condition with hyperthermia can improve radiosensitivity of tumor tissue. 

Hyperthermia can increase the sensitivity of tumor tissue to radiotherapy. This is 

attributed to the ability of mild hyperthermia especially at a temperature of 37°C - 42°C 

to increase vasodilation and increase blood flow to tumor cells, thereby, reducing the 

radioprotective effect of hypoxia (144). Higher treatment temperature however will result 

in blood vessel damage, leading to reduced blood perfusion and aggravating hypoxia. In 
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addition, thermal tolerance of cancer cells can be reduced by radiation therapy, thereby, 

improving the thermal effect of hyperthermia on tumor tissue (151). 

1.8. Modulated electro-hyperthermia (mEHT) 

1.8.1. Mechanism of mEHT specificity on tumor cells 

Modulated electro-hyperthermia (mEHT) is a treatment modality in which a 13.56 

MHz radiofrequency is used to generate an electric field that selectively accumulates and 

targets tumor cells (152). The metabolic and biophysical conditions of cancer cells are 

inherently different from normal cells, thus, enabling the selective targeting of cancer 

cells with electromagnetic energy of mEHT (153). Cancer cells exhibit the “Warburg 

effect” primarily due to their higher reliance on glycolysis than normal cells regardless of 

oxygen availability (154). The breakdown of glucose via glycolysis yields two ATP 

molecules in contrast to the 36 ATP molecules generated by normal cells from the 

complete oxidation of glucose (155). In addition, lactic acid production and other 

metabolites are significantly increased due to higher glucose uptake and glycolysis in 

cancer cells in comparison to normal cells (156). Low ATP in cancer cells creates 

insufficiencies necessary for the stabilization of the Na+/ K+ ATPase, which leads to a 

weakening of the pump function and the membrane potential (157). The cumulative effect 

of these changes results in the decreased efflux of Na+ and water transport and increased 

efflux of K+, Mg2+, and Ca2+ ions observed. The resulting high lactate and ionic contents 

of tumor cells enable better coupling between electrodes of mEHT and the treated tumor 

(152). 

1.8.2. Membrane raft heat stress localization with mEHT 

One of the many benefits of mEHT treatment is that high thermal loads can be 

localized to only a small and specific area of the plasma membrane of the cancer cells 

(158), called lipid rafts which exists in a nanoscopic range and can absorb the energy load 

(159) (Figure 8). mEHT at 13.56 MHz frequency is incapable of penetrating the cell 

interior due to the excellent insulating property of the cell membrane (160). The energy 

generated from the amplitude-modulated radiofrequency current is absorbed primarily by 

the lipid raft and to a lesser extent by the extracellular matrix (161). Due to the different 
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electromagnetic properties of the lipid raft, it can absorb more radiofrequency energy 

compared to the cell membrane lipid bilayer (159).  

This implies a higher energy absorption in the lipid raft leading to increase heat 

localization with continuous radiofrequency current delivery. Cell membranes of cancer 

cells are isolated electrically by a field strength that exceeds one million V/m. Thus, with 

radiofrequency treatment, this serves as an insulating layer, thereby directing the flow of 

current towards the extracellular electrolytes (153). The differences in permeability and 

conductivity between cancer cells and normal healthy cells enable precise distinguishing 

of both types of cells and enhance the cancer-specific effect of radiofrequency treatment 

(162-166). 

Figure 8. Schematic representation of the membrane raft-specific localized heat 

stress. Modified from the original figure of Andocs G et al. (2016) (153) 
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2. Objective 

Although the efficacy of mEHT has been described extensively in multiple primary 

tumor models in mice, studies on the applicability and efficacy of mEHT as a viable 

treatment option in a pulmonary metastatic model have not been described before. This 

is probably due in part to the complexity of the thorax and the difficulty it poses to the 

application of mEHT as a treatment option. Additionally, the lack of adequate devices 

optimized for the targeted treatment of lung tumors presents a particular problem. Another 

challenging aspect of mEHT application in lung treatment is the difficulty of measuring 

lung temperature during treatment as direct measurement poses a significant risk of 

mechanical lung injury. 

 

Therefore, in this study, we aimed at: 

1. Developing a device-optimized-treatment-technique for targeted mEHT treatment 

of lung tumors. 

2. Developing a minimally invasive method of indirect lung temperature 

measurement during mEHT treatment of lung tumors in mice. 

3. Verifying the efficacy of mEHT on B16F10 melanoma in a subcutaneously 

induced primary tumor and pulmonary metastases model following the usual 

pattern of clinical dissemination of melanoma from the skin to the lungs. 

4. Investigating the underlying molecular mechanisms of tumor growth inhibition 

by mEHT in a B16F10 melanoma pulmonary metastases model. 

5. Investigating the capability of mEHT treatment-induced immune cells 

mobilization. 

6. Investigating auxiliary lung damage as a potential adverse event following mEHT 

treatment of lungs in mice. 

 

 

 

 

 

 

DOI:10.14753/SE.2022.2552



  

37 

 

3. Materials and Methods  

3.1. Animals and cell lines 

All procedures were carried out according to the guidelines of the Hungarian Law of 

Animal Protection (28/1998) and were approved by the Government Office of Pest 

County (Permission number: PE/EA/50-2/2019 and PE/EA/51-2/2019). Animals tested 

in this study were the offspring of C57BL/6 colonies grown in the animal facility of the 

Semmelweis University. B16F10 mouse melanoma cell line (ATCC® CRL 6475™) was 

purchased from ATCC (Manassas, VA, USA). Cells were cultured in minimum essential 

medium (MEM) supplemented with 1% (v/v) MEM-vitamin solution, 5% (v/v) heat-

inactivated HyClone fetal bovine serum, 1 mM sodium pyruvate, 2 mM L-glutamine and 

1% (v/v) nonessential amino acids (NEAAs) purchased from Thermo Fisher Scientific 

(Waltham, MA, USA). 

3.2. PET imaging and data analysis 

In vivo positron emission tomography (PET) experiments were conducted at the 

Department of Biophysics and Radiation Biology, Semmelweis University. Animals were 

fasted before the experiment for 6 hours. Prior to PET imaging, 12-18 MBq radioactivity 

of [18F]FDG (FDG-KEDOI® injection, Pet-Medicopus Ltd, Kaposvár, Hungary) in 0.2-

0.3 mL was injected into the tail vein of the animals. After 90 min of post-injection awake 

[18F]FDG uptake period, animals were anesthetized with 1.5% isoflurane in medical 

oxygen. During anesthesia, animals were placed in an immobilizing animal bed 

(MultiCell, Mediso, Budapest, Hungary). Static, 15 min PET whole-body scans of 

animals were performed using a microPET P4 scanner (Concorde Microsystems, US). 

Image volumes from the collected list mode data were then reconstructed using the 

instrument`s dedicated three-dimensional maximum a posteriori algorithm with a 1.56 

mm voxel size. Data evaluation was carried out using two dedicated small animal image 

analysis software, Fusion (Mediso, Budapest, Hungary) and vivoQuant (inviCRO, MA, 

US). Three-dimensional lung regions of interest were drawn using a connected threshold 

algorithm, while blood regions of interest were manually drawn around the left ventricle 

of the heart. For the calculation of the Tumor Maximal Standardized Uptake Ratio 

(SURmax), and SUVmax, the standardized uptake values (SUV) were estimated by the 
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following equation: [tissue concentration (MBq/mL) x the body weight (g)]/injected dose 

(MBq). Thereafter, SURmax was obtained by time correcting the ratio of lung maximal 

SUV value in the lung region of interest (SUVmax) to blood SUV multiplied by the ratio 

of 75 min post-injection to 90 min post-injection, as described by Hofheinz et al. (167-

169). After calculations, all mouse PET quantitative data were normalized to the 

respective lung mass (in grams) of each animal to account for initial size-related 

vascularization-derived differences in signal. 

3.3. In vivo mEHT treatment 

In the metastatic tumor model, pulmonary metastases of melanoma were established 

by injecting 105 B16F10 melanoma cells via tail vein into seven-to-nine-week-old female 

C57BL/6 mice. The animals were treated using the LabEHY-200 device (Oncotherm Ltd., 

Páty, Hungary) shown in Figure 9A. All animals were placed between the circuit's plane-

parallel asymmetric electric condensers during treatment. The circuit consisted of a 72-

cm2 aluminum electrode which served also as a heating pad used to maintain the 

physiological temperature of the animal at approximately 37 °C (Figure 9B). The 

impedance was precisely matched, and the electromagnetic field was generated at 13.56 

MHz radiofrequency using 1/f amplitude modulation. The upper conductive textile chest 

electrode (Figure 11A, 11B) was placed on the chest overlying the tumor-burdened lungs. 

Treatment with the lung-optimized chest electrode was repeated every third day for a total 

of six times for 30 min each starting from day 1. mEHT ability to induce heat-stress and 

DAMP signal release of B16F10 melanoma cells was verified in a primary solid B16F10 

melanoma tumor model. In the primary tumor model, melanoma tumors were established 

by mixing 106 B16F10 cells with growth factor reduced matrigel (Trevigen, Gaithersburg, 

MD, USA) injected subcutaneously into seven-to-nine-week-old female C57Bl/6 mice in 

the right inguinal area. An upper pole electrode was positioned over the growing tumor 

in the right inguinal region (Figure 10A). The first mEHT treatment of 30 min was 

performed on day 4 after the implantation of the tumor cell/matrigel mixture and was 

repeated two more times with one day in between treatments. Animals were anesthetized 

with 2% isoflurane during treatment. Animals were housed separately, and treated control 

animals were maintained under similar conditions. Animals tested in this study were the 

offspring of C57BL/6 colonies grown in the animal facility of Semmelweis University, 
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Budapest, Hungary. All animal work conducted during this study was approved by the 

Governmental Ethical Committee under the permission number PE/EA/51-2/2019. 

Figure 9. Treatment devices of modulated-electrohyperthermia. (A) LabEHY-

200; (B) Heating pad/lower electrode. (RF: Radiofrequency) 

3.4. Immunohistochemistry 

Lung tissues fixed in 10% neutral buffered formalin were dehydrated and embedded 

in paraffin. 2.5 µm thick serial sections were cut, mounted on silanized glass slides, and 

kept in a thermostat at 65 °C for 1 hour. Sections were dewaxed and rehydrated for 

hematoxylin-eosin (H&E) staining, masson’s trichrome staining, and 

immunohistochemistry (IHC). For antigen retrieval, sections were heated for 20 min in 

Tris-EDTA (TE) buffer pH 9.0 (0.1 M Tris_base and 0.01 M EDTA) using an avair 

electric pressure cooker (ELLA 6 LUX D6K2A, Bitalon Kft, Pécs, Hungary) followed by 

a 20 min cooling with an open lid. Endogenous peroxidases were blocked using 3% H2O2 

in methanol while non-specific proteins were blocked with 3% bovine serum albumin 

(BSA, #82-100-6, Millipore, Kankakee, Illinois, USA) diluted in 0.1 M Tris-buffered 

saline (TBS, pH7.4) containing 0.01% sodium-azide, both for 15 min. The sections were 
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incubated with primary antibodies (Table 2) diluted in 1% BSA/TBS+TWEEN (TBST, 

pH 7.4) overnight in a humidified chamber. Peroxidase conjugated anti-rabbit & anti-

mouse IgGs (HISTOLS-MR-T, micropolymer -30011.500T, Histopathology Ltd., Pécs, 

Hungary) were used for 40 min incubations and the enzyme activity was revealed by 3,3’-

diaminobenzidine (DAB) chromogen/hydrogen peroxide kit (DAB Quanto, #TA-060-

QHDX, Thermo, WA, USA) under microscopic control. All incubations were done at 

room temperature with samples washed between incubations in TBST buffer for 2 x 5 

minutes. Digitalization of slides and evaluation of immune reactions were done using 

modules of the QuantCenter image analysis software tool pack (3DHISTECH, Budapest, 

Hungary). As multiple pulmonary melanoma nodules were noted in each lung sample, all 

tumors in each section were annotated for subsequent evaluations. The portion of p-

H2Ax(Ser139), CCasp3, and p21waf1, Ki67(SP6), F4/80 (D2S9R), CD3, CD8α 

(D4W2Z) positive cells were quantified as a percentage of the total annotated tumor areas 

(HistoQuant module) while the portion of MPO positive cells and Masson’s trichrome 

positive area was quantified as a percentage of the total lung area. Evaluation of 

histological lung injury was performed as described by Ehrentraut et al (170) taking into 

consideration scores of individual components of cellular inflammatory cell infiltrates in 

air space or vessel wall (1 = only wall; 2 = one to five cells (few cells) in air space; 3 = 

intermediate; 4 = severe (congestion of air space)), interstitial congestion and hyaline 

membrane formation (1 = normal lung; 2 = moderate (<25% of lung section); 3 = 

intermediate (25–50% of lung section); 4 = severe (>50% of lung section)), hemorrhage 

(0 = absent; 1 = present). From each animal, a total of six representative images were 

analyzed using a blinded semi-quantitative scoring system. 
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Table 2. Antibodies and conditions used for immunohistochemistry 

Antigen Type 
Reference 

no. 
Dilution 

Antigen 

retrieval 
Vendor 

p-

H2Ax(Ser139) 
Rabbit, mAb #9718 1: 200 T-E 

Cell 

Signaling 

CCasp3 Rabbit, pAb #9664 1:100 Citrate 
Cell 

Signaling 

p21waf1 Rabbit, mAb #ab188224 1:300 T-E Abcam 

Ki67 (SP6) Rabbit, mAb 
#MA5-

14520 
1:100 T-E Thermo 

F4/80 (D2S9R) Rabbit, mAb # 70076 1:300 T-E 
Cell 

Signaling 

CD3 Rabbit, pAb #IS503 1:3 T-E Dako 

CD8α (D4W2Z) Rabbit, mAb #98941 1:500 T-E 
Cell 

Signaling 

(Vendor specification: Cell Signaling (Danvers, MA, USA); Thermo (Waltham, MA, 

USA); Dako (Glostrup, Denmark); Abcam (Cambridge, UK); Sino Biological (Beijing, 

China); T-E: Tris-EDTA, pH 9.0) 

3.5. Measurement of extracellular hsp70, HMGB1, and ATP 

The tumor interstitial fluid was obtained by digesting tumors as described above. 

After removing cells by centrifugation, the supernatant was further purified by 

centrifugation at maximum speed for 10 min and stored at -70 °C until use. The protein 

concentration of the tumor effusate was measured using Bradford reagent (Thermo Fisher 

Scientific, Waltham, MA). In the subsequent measurements, an equal amount of protein 

was used. The heat shock protein 70 (hsp70) concentration was measured using an hsp70 

High-Sensitivity ELISA kit (Abcam, Cambridge, UK). The high-mobility group protein 

B1 (HMGB1) concentration was determined using a specific ELISA kit from Aviva 

Systems Biology (San Diego, CA, USA) following the manufacturer’s protocol. 

Absorbance was measured at 450 nm with a PowerWave microplate spectrophotometer 

(BioTek, Winooski, VT). ATP content was evaluated using a luciferase-based ATP 

determination kit (Thermo Fischer Scientific) following the manufacturer’s instructions. 

Luminescence was measured with a Varioskan Flash microplate reader (Thermo Fischer 

Scientific, Waltham, MA). 
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3.6. Statistical analysis 

Statistical analysis was performed using GraphPad Prism software (v.6.07; GraphPad 

Software Inc., La Jolla, CA, USA). The normality of data distribution was assessed using 

the Kolmogorov-Smirnov test and an unpaired t-test or Mann-Whitney nonparametric test 

was performed accordingly for determination of significance. Data are expressed as mean 

± SE, p < 0.05 were considered as significant. 
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4. Results 

4.1. mEHT suppressed primary tumor growth of B16F10 melanoma 

Prior to investigating the effect of mEHT on a pulmonary melanoma metastatic 

model, we first evaluated whether mEHT can have a significant tumor growth inhibition 

effect on B16F10 melanoma in a primary tumor model, primarily due to the simplicity of 

the model in comparison to the more complex pulmonary metastatic model. 106 B16F10 

cells mixed with growth factor reduced matrigel (Trevigen, Gaithersburg, MD, USA) was 

subcutaneously injected into seven-to-nine-week-old female C57Bl/6 mice in the right 

inguinal area, simulating a primary tumor model. Before performing treatments, we set 

up conditions providing a standard 42 °C intra-tumoral temperature in a series of animals.  

Figure 10. Modulated electrohyperthermia (mEHT) induced reduction of 

primary tumor growth. (A) Experimental setup of mEHT treatment using 

LabEHY-200. During treatment, mice were laid between plane-parallel 

asymmetric electric condensers of the circuit which consisted of the lower, 72-

cm2 aluminum electrode used as a heating plate (set to 37 °C) and the upper 

telescopic conductive textile electrode, which was placed on the tumor. (B) 

Temperature monitoring during mEHT treatment with optical thermo-sensors 

inserted into the tumor, subcutaneously, rectally, and on the skin surface directly 

below the upper electrode. (C) Tumor weights of the tumors harvested 48 h after 

the third mEHT treatment, n=10 for control (CONT) and n=11 for mEHT-treated 

tumors (mEHT). *p ≤ 0.05, unpaired two-tailed t-test. 
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The temperature was monitored using optical thermo-sensors inside tumors, rectally, 

subcutaneously, and directly below the upper electrode (Figure 10A, 10B) to assess the 

thermal effect in and around treated tumors. The power adjustment profile allowed 

accurate maintenance of temperature around 42 °C in the center of the treated grafts. The 

subcutaneous temperature was 1 °C lower than the tumor center, while the skin surface 

was 39 °C, indicating a thermal gradient, with the highest value in the tumor core. The 

duration of the treatment was 30 min, following common clinical practice in mEHT 

application. This adjustment allowed us to avoid invasive temperature monitoring in the 

following experiments. Using this protocol, relying solely on the skin surface and rectal 

temperature measurements, we demonstrated that mEHT treatment resulted in significant 

tumor weight reduction after three-time treatments as demonstrated in Figure 10C. 

4.2. mEHT induced localized temperature increase in mice lung 

As mEHT has not been used before for interventions in the lung, our first objective 

was to develop a suitable chest electrode capable of inducing lung-specific hyperthermia 

without treatment-associated damage to nearby structures such as the heart, liver, and skin 

in mice. Because the impedance of the lung to transmitted energy is far higher than that 

of the neighboring tissues, the electrode needed to cover exclusively the target area, 

thereby avoiding the dissipation of energy to nearby structures. Based on these 

considerations, several chest electrodes were designed and tested for inducing lung-

specific hyperthermia with a targeted treatment temperature range of 41.5 – 42.0 °C and 

the upper conductive textile chest electrode shown in Figure 11A (right panel) and 11B 

was found to be optimal for lung treatment. We demonstrated a localized increase in 

temperature over the target area on mice chest as represented by the externally measured 

thermal mapping shown in Figure 11A (left panel). Figure 11B depicts the dimensions of 

the conductive textile chest electrode used in this study for the targeted treatment of lung 

tumors in mice. Figure 11C shows the power adjustment profile of mEHT with measured 

lungs, pharyngeal, and rectal temperatures at different time points. A significant 

difference was observed between measured lung/pharyngeal and lung/rectal temperatures 

(p<0.0001) with mean temperature values of 41.6 ± 0.1 °C, 40.3 ± 0.1 °C, and 38.5 ± 

0.5 °C measured in the lung, pharynx, and rectum respectively during treatment (Figure 

11D). These results demonstrate that the targeted temperature range for mEHT treatment 
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of lungs could be achieved with the current chest electrode while maintaining limited 

dissipation of energy to nearby structures and the whole body. 

Figure 11. Localization of heat stress during targeted mEHT treatment of lungs. 

(A) Thermal image depicting a localized increase in temperature over target area 

on mice thorax (left panel) and treatment layout with the positioning of chest 

electrode and optical thermosensors (right panel); (B) Dimensions of conductive 

textile chest electrode for targeted lung treatment of tumors in mice; (C) Plot 

depicting temperature profiles of lungs, pharynx, and rectum with applied power 

settings; (D) Pharyngeal and rectal temperature versus lung temperature in 

treatment phase (n=4). Data represent average ± SEM. Mann-Whitney test, 

****p < 0.0001. 
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4.3. Minimally invasive technique of lung temperature measurement 

in mEHT 

The accurate measurement of lung temperature during repeated treatments with 

mEHT is highly essential to ensure that targeted treatment temperature is reached but not 

exceeded. Direct lung temperature measurement, however, is not feasible partly due to 

the high risk of mechanical lung injury. Therefore we sort out to develop a minimally 

invasive method of estimating lung temperature during mEHT treatment in mice. Optical 

thermosensors were advanced into the main bronchi, pharynx, and rectum of non-tumor-

bearing animals and treated with mEHT for 30 min according to the experimental setup 

depicted in Figure 12A.  

Figure 12. Experimental setup for investigation of quantitative relation between 

the lung and pharyngeal temperatures. (A) Schematic illustration of the 

experimental setup of mEHT for lung treatment of mice. Thermosensors are 

positioned in the lung (main bronchi), pharynx, rectum, and heating pad/lower 

electrode. (RF: Radiofrequency); (B) Schematic illustration depicting placement 

of pharyngeal and lung (main bronchi) optical thermosensors.  
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Access to mice trachea was enabled via puncture tracheotomy through which an 

optical thermosensor was advanced to the lung’s main bronchi and via oral access, a 

pharyngeal optical thermosensor was placed in the pharynx of mice (Figure 12B). Lung 

temperature was maintained at 41.5 – 42.0 °C using the power adjustment profile of 

mEHT and the pharyngeal temperature was monitored simultaneously. The objective here 

was to assess if a quantitative relationship exists between the lung and pharyngeal 

temperature; in which case, if a relationship is established, lung temperature could be 

estimated indirectly in subsequent experiments by measuring the pharyngeal temperature 

only. Figure 13A shows a plot of the temperature difference between lungs and the 

pharynx or rectum with an observed minor deviation of the temperature difference seen 

in the pharynx. Major rectal temperature deviation from the lung temperature indicates 

its unsuitability as a parameter based on which lung temperature changes can be estimated. 

The minor deviation of temperature difference seen between the pharynx and lung 

indicates the existence of a quantitative relationship between the lung and the pharyngeal 

temperature based on which the lung temperature can be estimated from the pharyngeal 

temperature.  

Figure 13. Quantitative relation of the lung (main bronchi) and pharyngeal 

temperatures during mEHT treatment. (A) Temperature gradient between the 

lung (main bronchi) and pharyngeal/rectal temperatures (n=4); (B) Plot of the 

mean difference between lungs (main bronchi) and pharyngeal/rectal 

temperatures (n=4). Data represent average ± SEM. 
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Following these experiments, subsequent treatment of tumor-bearing lungs was 

conducted by measurement of the pharyngeal temperature only eliminating the need for 

direct lung temperature measurement as depicted in Figure 14A. In sham-treated tumor-

bearing animals, the chest electrode was placed on a coupling pad and pseudo-treated 

accordingly while all other conditions were maintained as same as mEHT-treated animals 

(Figure 14B). Figure 14C indicates a sample temperature profile measured during actual 

mEHT treatment of tumor-bearing lungs in mice.  

Figure 14. Experimental setup for mEHT treatment of tumor-bearing lungs in 

mice. (A) Schematic illustration of the experimental setup of mEHT for 

treatment of tumor-bearing lungs. Thermosensors were positioned in the 

pharynx, rectum, and heating pad/lower electrode only. As indicated (“X” sign), 

direct measurement of lung (main bronchi) temperature was eliminated. (RF: 

Radiofrequency); (B) Schematic illustration of sham treatment setup. (RF: 

Radiofrequency); (C) Plot depicting temperature profiles of the pharynx, and 

heating pad with applied power settings during mEHT treatment of tumor-

bearing lungs. Data represent average ± SEM. 
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Taken together, these results demonstrate that pharyngeal temperature measurement 

during mEHT treatment is a viable method of estimating lung temperature and controlling 

heat stress generated in mice lung during mEHT treatment of tumors without any need 

for direct lung temperature measurement with the associated risk of mechanical injury. 

4.4. mEHT induced reduction of pulmonary metastatic burden in 

mice lungs 

To define the potential impact of mEHT in the host lung on the development of 

metastatic nodules, 105 B16F10 melanoma cells were injected into the tail vein of seven-

to-nine-week-old female C57BL/6 mice. All animals were treated six times using mEHT. 

The first mEHT treatment of 30 min was performed one day after the tail vein injection 

of the animals with B16F10 melanoma cells. Treatment was repeated every third day for 

a total of six times as defined by the experimental protocol (Figure 15A).  

Before sacrifice on day 18, PET imaging was performed on all animals to investigate 

the in vivo characteristics of mEHT-treated and sham-treated melanoma in mice lungs. 

Figure 15B shows representative PET images depicting [18F]FDG uptake in sagittal and 

coronal sections of mEHT-treated and sham-treated control mice. As depicted by Figure 

15C and 15D, significantly reduced SURmax (p = 0.0169) and SUVmax (p = 0.0300) 

were observed in the mEHT-treated lungs compared to the sham-treated ones.  

Furthermore, a post-imaging sacrifice of all animals was performed to assess the 

gross pathological and metastatic burden of the lungs in both experimental groups. 

Visible tumor nodules were observed in the lungs of both mEHT-treated and sham-treated 

animals, indicating that metastatic tumors were successfully induced in mice lungs 

(Figure 16A). The pulmonary metastatic burden was assessed by counting the number of 

tumor nodules on the lung surface. Mice in the mEHT-treated group displayed a 

significantly lower number of tumor nodules (average of 17), whereas numerous 

distinguishable melanoma nodules (average of 60) were observed in the lungs of sham-

treated animals (p = 0.0049, Figure 16B).  

In addition, excised lungs were weighted to further characterize the difference in 

tumor burden between the treated and control group. As shown in Figure 16C, the mean 

lung weight in the mEHT-treated group was significantly reduced indicating the 

suppression of tumor growth compared to the control group (p = 0.0090). 
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Figure 15. Effect of modulated-electrohyperthermia on tumor burden in mouse 

lungs. (A) Schematic representation of the experimental protocol; (B) 

Representative PET images depicting [18F]FDG uptake in sagittal and coronal 

sections of CONT and mEHT; (C) Standardized uptake ratio (SURmax) of 

[18F]FDG in CONT (n=4) and mEHT (n=3); (D) Standardized uptake value 

(SUVmax) of [18F]FDG in CONT (n=4) and mEHT (n=3). Data represent 

average ± SEM. CONT vs mEHT, Mann-Whitney test. *p < 0.05. 
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Figure 16. Effect of modulated-electrohyperthermia on tumor burden in mouse 

lungs. (A) Native lungs with pulmonary melanoma metastases in CONT and 

mEHT-treated animals; (B) Quantification of pulmonary melanoma metastatic 

nodules in CONT (n=8) and mEHT (n=9); (C) Quantification of lung weight in 

CONT (n=12) and mEHT (n=10). Data represent average ± SEM. CONT vs 

mEHT, unpaired t-test, **p < 0.01.  

 

Furthermore, analysis of H&E stained sections was performed to characterize 

mEHT-related tumor growth suppression in the lungs including intra-parenchymal 

tumors with no surface visibility which often proves difficult to quantify by surface tumor 

nodules evaluation only. Multiple focal lesions with pleomorphisms and marked cellular 

atypia were observed in both mEHT-treated and sham-treated lungs (Figure 17A, 17B). 

Focal metastatic lesions in treated animals were significantly reduced in number 

especially for lesions < 0.1 mm2 (p = 0.0032, Figure 17C). Likewise, the number of focal 

lesions > 0.1 mm2 was significantly reduced in treated lungs compared to the sham-treated 

ones (p = 0.0497, Figure 17C). Additionally, counts per unit lung area of focal lesions 

showed a significant reduction in mEHT-treated animals compared to the sham-treated 

ones (p = 0.0039, Figure 17D). The total tumor area of focal metastatic melanoma lesions 

in mEHT-treated lungs was reduced significantly (p = 0.0383, Figure 17E), although the 

relative area occupied by these lesions per lung showed marked reduction without 

reaching a statistically significant value (p = 0.0968, Figure 17F).  
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Figure 17. Inhibitory effect of modulated-electrohyperthermia on tumor growth 

and proliferation. (A) H&E stained lungs with pulmonary melanoma metastases 

in CONT and mEHT-treated animals; (B) H&E stained lungs with pulmonary 

melanoma metastases at higher magnification in CONT and mEHT-treated 

animals; (C) Cumulative counts of focal metastatic melanoma lesions in CONT 

(n=12) and mEHT (n=10) sorted based on size (<0.1 mm2 and >0.1 mm2); (D) 

Cumulative counts of focal metastatic melanoma lesions per total lung area in 

CONT (n=12) and mEHT (n=10); (E)Tumor area occupied by melanoma in 

lungs in CONT (n=12) and mEHT (n=10); (F) Tumor area per total lung area in 

CONT (n=12) and mEHT (n=10). Data represent average ± SEM. unpaired t-

test, *p < 0.05, **p < 0.01. Scale bar on A represents 4000 m. 
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4.5. mEHT induced reduction in Ki67 expression in B16F10 

melanoma cells 

The depletion of Ki67 in some human tumor cell lines and primary fibroblast cells 

has been demonstrated to slow entry into the S-phase and coordinately downregulate 

genes involved in DNA replication thereby slowing the proliferation of tumor cells (171). 

Therefore, we investigated whether Ki67 downregulation plays a role in mEHT-mediated 

inhibition of B16F10 melanoma growth in murine lungs. Ki67 expression was measured 

by immunohistochemistry with anti-Ki67 antibody in both mEHT-treated and sham-

treated tumors (Figure 18A). Our investigation showed that Ki67 protein expression per 

unit tumor area was significantly reduced in mEHT-treated tumors compared to the 

control group (p = 0.0085, Figure 18B).  

Figure 18. mEHT induced inhibition of tumor proliferation of B16F10 

melanoma. (A) H&E and Ki67 staining of tumor area in CONT and mEHT; (B) 

Plot depicting Ki67 positive nuclei as a percentage of total tumor area in CONT 

(n=12) and mEHT (n=10). Data represent average ± SEM. CONT vs. mEHT, 

unpaired t-test, **p < 0.01.  Scale bar on A represents 50 m in low power 

images and 15 m in their insets. 

4.6. mEHT induced cell cycle arrest in B16F10 melanoma cells 

p21waf1 is a potent cyclin-dependent kinase inhibitor, the upregulation of which 

coincides with increased cell cycle arrest and senescence (172). Therefore, we 

investigated the effect of mEHT on the nuclear expression and localization of p21waf1 in 

treated B16F10 melanoma cells. mEHT-treated and sham-treated samples were stained 

for p21waf1 via immunohistochemistry and analyzed using modules of the QuantCenter 

image analysis software tool pack (3DHISTECH) for quantification. In mEHT-treated 
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tumors, significant upregulation in p21waf1 expression and nuclear localization was 

observed (Figure 19A). The fraction of p21waf1 positive cells as a percentage of tumor area 

was significantly increased in mEHT-treated tumors (p = 0.0206, Figure 19B) compared 

to the sham-treated group. 

Figure 19. mEHT induced inhibition of tumor proliferation and cell cycle arrest. 

(A) H&E and p21waf1 staining of mouse lungs in CONT and mEHT; (B) Plot 

depicting counts of p21waf1 positive nuclei as a percentage of total tumor area in 

CONT (n=12) and mEHT (n=10). Data represent average ± SEM. CONT vs 

mEHT, Mann-Whitney test, *p < 0.05. Scale bar on A represents 50 m on all 

low-power images and 15 m in their insets. 

4.7. mEHT induced DNA damage response in B16F10 melanoma 

tumor 

Cellular response to DNA damage leads to a series of events, one of which is the 

phosphorylation of H2AX (173). H2AX phosphorylation typically occurs immediately 

after a DNA break formation, resulting in the recruitment of clusters of DNA damage 

response proteins at the site of damage, forming a DNA damage response focus (174). 

We tested the expression of phosphorylated H2AX (γ-H2AX) proteins to investigate 

whether mEHT induces significant DNA damage in treated tumors. While treated tumors 

showed marked DNA damage response to mEHT-treatment, adjacent normal lung tissue 

did not demonstrate any visible signs of DNA damage, reiterating that mEHT-associated 

DNA damage is confined only to the highly proliferating melanoma cells without 

associated damage to normal lung tissue (Figure 20A, 20B). In treated tumors, the 

expression of γ-H2AX was significantly increased after six-time treatment with mEHT 

compared to the sham-treated group (p = 0.0061, Figure 20C). Additionally, as DNA 
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damage may lead to either cell senescence or programmed cell death (173), we 

investigated the role of apoptosis in mEHT-mediated inhibition of tumor growth and 

proliferation. Treated B16F10 melanoma cells demonstrated a comparable level of 

cleaved caspase 3 expression per tumor area as sham-treated ones with no significant 

difference between both groups (p = 0.2331, Figure 20D, and 20E). 

Figure 20. mEHT-related DNA damage response and apoptosis in metastatic 

B16F10 melanoma. (A) H&E and γ-H2AX staining of mouse lungs in CONT 

and mEHT; (B) Image depicting DNA damage response to mEHT treatment in 

tumor area but not in adjacent normal lung tissue; (C) Plot of γ-H2AX positive 

nuclei as a percentage of total tumor area in CONT (n=6) and mEHT (n=7); (D) 

H&E and CCasp3 staining of mouse lungs in CONT and mEHT; (E) Plot of 

CCasp3 positive cells as a percentage of total tumor area in CONT (n=12) and 

mEHT (n=9). Data represent average ± SEM. (C, E) CONT vs mEHT, unpaired 

t-test, ns = non-significant, **p < 0.01. Scale bar on A, D represents 50 m on 

all low power images and 15 m in their insets and 50 m on B. 
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4.8. mEHT induced DAMP signal release in B16F10 melanoma cells 

To assess the ability of mEHT to induce DAMP signal release from B16F10 

melanoma tumor, we isolated tumor interstitial fluid derived from mEHT-treated primary 

tumors 48 hrs after the third mEHT treatment, which was used to detect the amount of 

hsp70, HMGB1 proteins, and ATP secretion. mEHT treatment resulted in a moderate but 

significant increase in secreted hsp70 (p ≤ 0.01, Figure 21A), while HMGB1 showed 

approximately two-fold higher levels (p ≤ 0.004, Figure 21B) and the concentration of 

ATP was five-fold higher (p ≤ 0.04, Figure 21C) in the treated tumors. 

Figure 21. mEHT exposure of the tumors increased the release of damage-

associated molecular patterns (DAMPs) into the tumor microenvironment. (A) 

hsp70, (B) HMGB1, and (C) ATP concentrations were determined in the tumor 

microenvironment 48 h after the last mEHT treatment using specific ELISA kits 

for hsp70 and HMGB1, and luciferase-based assay for ATP detection. n = 7; * 

p < 0.01 for hsp70, * p < 0.04 for ATP, ** p < 0.004, Mann–Whitney test. 
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4.9. T-cells and macrophages are increased in mEHT treated lungs 

To study the putative contribution of immune cells to tumor growth inhibition by 

mEHT, we hypothesized that mEHT treatment might result in alteration in the immune 

status of the lungs and tumor microenvironment. Therefore, we analyzed the expansion 

of CD3+ T-cells, CD8+ T-cells, and F4/80+ macrophage in the lungs of tumor-bearing 

mice using immunohistochemistry in mEHT-treated and sham-treated animals. 

Significantly higher CD3+ T-cells infiltration into mEHT-treated tumors was observed 

compared to sham-treated ones (p = 0.0252, Figure 22A, 22B).  

However, total lung CD3+ T-cells density was comparable between both groups with 

no statistically significant difference (p = 0.6037, Figure 22C). In contrast, the differences 

were significant for CD8+ T-cells, a prominent subtype of CD3+ cells with higher 

expression of positive cells seen in tumors of mEHT treated lungs (p = 0.0221, Figure 

22D, 22E). The total lung CD8+ T-cell density was significantly increased as well in 

mEHT-treated mice (p = 0.0238, Figure 22F) compared to the control group. Furthermore, 

we investigated the density of F4/80+ macrophages in tumor and whole lung of mEHT-

treated and sham-treated animals. A significantly higher density of F4/80+ macrophages 

was observed in tumors (p = 0.0363, Figure 22G, 22H) and whole lung (p = 0.0007, 

Figure 22I) of mice treated with mEHT compared to sham-treated animals. 
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Figure 22. mEHT induced immune cell infiltration in focal metastatic melanoma 

lesions. (A) H&E and CD3 staining of mouse lungs in CONT and mEHT; (B) 

Plot depicting CD3 positive cell density in tumor area in CONT (n=6) and mEHT 

(n=7); (C) Plot depicting CD3 positive cell density in total lung area in CONT 

(n=6) and mEHT (n=7); (D) H&E and CD8 staining of mouse lungs in CONT 

and mEHT; (E) Plot depicting CD8 positive cell density in tumor area in CONT 

(n=6) and mEHT (n=7); (F) Plot depicting CD8 positive cell density in total lung 

area in CONT (n=6) and mEHT (n=7); (G) H&E and F4/80 positive cells 

staining of mouse lungs in CONT and mEHT; (H) Plot depicting F4/80 positive 

cell density in tumor area in CONT (n=5) and mEHT (n=6); (I) Plot depicting 

F4/80 positive cell density in total lung area in CONT (n=5) and mEHT (n=6). 

Data represent average ± SEM. (B, F, H, I) CONT vs mEHT, unpaired t-test, (C, 

E) CONT vs mEHT, Mann-Whitney test, ns = non-significant, *p < 0.05, **p < 

0.01, ***p < 0.001. Scale bar represents 50 m on all low-power images and 15 

m in their insets. 
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4.10. Auxiliary lung damage following six-times mEHT treatment 

To study the potential adverse effect of mEHT treatment on the lungs, we 

investigated the capability of mEHT to induce significant inflammatory, lung injury, and 

fibrotic changes in the lungs in both acute and chronic conditions. All mice were treated 

a total of six times as described in the experimental protocol (Figure 23A) and sacrifice 

was performed accordingly on day 18 (2 days after last mEHT treatment) and on day 48 

(32 days after last mEHT treatment) for acute and chronic cases respectively. To 

characterize the potential inflammatory effect of mEHT on treated lungs, lung samples 

were stained for myeloperoxidase (MPO) via immunohistochemistry in both mEHT-

treated and sham-treated animals for quantification of MPO expressing cells (Figure 23B, 

23C). mEHT induced a significant increase in MPO positive cells under acute conditions 

compared to the control group (p = 0.0485). However, chronic levels of MPO expressing 

cells measured on day 48, 32 days after the last treatment showed no significant difference 

between the groups (p = 0.2730), suggesting that the inflammatory impact of mEHT on 

the lungs is restricted to acute conditions only (Figure 23D).  

Furthermore, to understand the full spectrum of potential mEHT related adverse 

effects on mice lungs, we investigated the degree of lung injury in both groups, taking 

into consideration the scores of each composing parameters, such as cellular infiltrate, 

alveolar over-distension, atelectasis, interstitial congestion, and hemorrhage (Figure 24B-

24F). 

The lung injury score was calculated as the sum of each composing parameters’ score. 

Based on the scores of the composing parameters, we did not observe any significant 

increase in lung injury following mEHT treatment of mice lungs. 

As inflammation can lead to fibrosis, especially under chronic conditions, we 

assessed the possibility of mEHT-induced fibrotic changes in the lungs by measuring the 

collagen contents in treated and sham-treated lungs. All samples were Masson's trichrome 

stained to characterize the collagen contents within the lungs (Figure 25A, 25B). As 

Figure 25C indicates, we did not find any evidence of increased collagen content in the 

lungs of mEHT-treated animals compared to sham-treated ones in both acute (p = 0.5381) 

and chronic conditions (p = 0.8927). 
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Figure 23. Acute and chronic implications of mEHT treatment on 

myeloperoxidase expression. (A) Experimental treatment protocol of non-

tumor-bearing mice. (B, C) H&E and MPO staining of mice lungs 2 days (acute) 

and 32 days (chronic) after last mEHT treatment in CONT and mEHT; (C) Plot 

of MPO positive cells (fraction of total lung area) in CONT (n=5) and mEHT 

(n=5). Data represent average ± SEM. CONT vs mEHT, unpaired t-test, ns = 

non-significant, *p < 0.05. Scale bar in B and C represents 100 m. 
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Figure 24. Acute and chronic implications of mEHT treatment on lung injury. 

(A) Cumulative lung injury score in CONT (n=5) and mEHT (n=5); (B, C, D, E, 

F) Component parameters of lung injury score which is a combined score of 

cellular infiltrate (0–4), alveolar over-distension (0–4), atelectasis (0–4), 

interstitial congestion (0–4), and hemorrhage (0 or 1). Data represent average ± 

SEM. (A) CONT vs. mEHT, unpaired t-test, (B, C, D, E, F) CONT vs mEHT, 

Mann-Whitney test, ns = non-significant. 
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Figure 25. Acute and chronic implications of mEHT on pulmonary fibrosis. (A, 

B) H&E and Masson trichrome staining of mice lungs 2 days (acute) and 32 days 

(chronic) after last mEHT treatment in CONT and mEHT; (K) Plot of Masson’s 

trichrome positive area (fraction of total lung area) in CONT (n=5) and mEHT 

(n=5). Data represent average ± SEM. CONT vs mEHT, unpaired t-test, ns = 

non-significant. Scale bar in A and B represents 100 m. 

 

 

 

 

 

 

 

 

 

 

 

 

ACUTE

C
O

N
T

m
E

H
T

H&E MPO

C
O

N
T

m
E

H
T

ACUTE

H&E Trichrome

CHRONIC

H&E Trichrome

C
O

N
T

m
E

H
T

CHRONIC

C
O

N
T

m
E

H
T

H&E MPO

m E H T  t r e a tm e n t  (x 6 )
S a c r i f ic e ,

h is t o lo g y  (a c u t e )

4 81 4 7 1 0 1 3 1 6 1 8D a y s

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

B C

ED

M
P

O
+

 c
e

ll
s

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

5 0 0

1 0 0 0

1 5 0 0

C O N T

m E H T

A c u t e C h r o n i c

*

ns

ns
ns

T
r

ic
h

r
o

m
e

 s
ta

in
e

d
 a

r
e

a

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

2 0

4 0

6 0

8 0

1 0 0

A c u t e C h r o n i c

C O N T

m E H T

ns

ns ns
ns

ACUTE

C
O

N
T

m
E

H
T

H&E MPO

C
O

N
T

m
E

H
T

ACUTE

H&E Trichrome

CHRONIC

H&E Trichrome

C
O

N
T

m
E

H
T

CHRONIC

C
O

N
T

m
E

H
T

H&E MPO

m E H T  t r e a tm e n t  (x 6 )
S a c r i f ic e ,

h is t o lo g y  (a c u t e )

4 81 4 7 1 0 1 3 1 6 1 8D a y s

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

B C

ED

M
P

O
+

 c
e

ll
s

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

5 0 0

1 0 0 0

1 5 0 0

C O N T

m E H T

A c u t e C h r o n i c

*

ns

ns
ns

T
r

ic
h

r
o

m
e

 s
ta

in
e

d
 a

r
e

a

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

2 0

4 0

6 0

8 0

1 0 0

A c u t e C h r o n i c

C O N T

m E H T

ns

ns ns
ns

ACUTE

C
O

N
T

m
E

H
T

H&E MPO

C
O

N
T

m
E

H
T

ACUTE

H&E Trichrome

CHRONIC

H&E Trichrome

C
O

N
T

m
E

H
T

CHRONIC

C
O

N
T

m
E

H
T

H&E MPO

m E H T  t r e a tm e n t  (x 6 )
S a c r i f ic e ,

h is t o lo g y  (a c u t e )

4 81 4 7 1 0 1 3 1 6 1 8D a y s

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

B C

ED

M
P

O
+

 c
e

ll
s

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

5 0 0

1 0 0 0

1 5 0 0

C O N T

m E H T

A c u t e C h r o n i c

*

ns

ns
ns

T
r

ic
h

r
o

m
e

 s
ta

in
e

d
 a

r
e

a

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

2 0

4 0

6 0

8 0

1 0 0

A c u t e C h r o n i c

C O N T

m E H T

ns

ns ns
ns

ACUTE

C
O

N
T

m
E

H
T

H&E MPO

C
O

N
T

m
E

H
T

ACUTE

H&E Trichrome

CHRONIC

H&E Trichrome

C
O

N
T

m
E

H
T

CHRONIC

C
O

N
T

m
E

H
T

H&E MPO

m E H T  t r e a tm e n t  (x 6 )
S a c r i f ic e ,

h is t o lo g y  (a c u t e )

4 81 4 7 1 0 1 3 1 6 1 8D a y s

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

B C

ED

M
P

O
+

 c
e

ll
s

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

5 0 0

1 0 0 0

1 5 0 0

C O N T

m E H T

A c u t e C h r o n i c

*

ns

ns
ns

T
r

ic
h

r
o

m
e

 s
ta

in
e

d
 a

r
e

a

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

2 0

4 0

6 0

8 0

1 0 0

A c u t e C h r o n i c

C O N T

m E H T

ns

ns ns
ns

L
u

n
g

 i
n

ju
r

y
 s

c
o

r
e

0

1

2

3
C O N T

m E H T

A c u t e C h r o n i c

ns
ns

ns
ns

C
e

ll
u

la
r

 i
n

f
il

tr
a

te

0 .0

0 .2

0 .4

0 .6

0 .8

A c u t e C h r o n i c

C O N T

m E H T
ns

A
lv

e
o

la
r

 o
v

e
r

d
is

te
n

ti
o

n

0 .0

0 .2

0 .4

0 .6

0 .8

A c u t e C h r o n i c

C O N T

m E H T
ns

A
te

le
c

ta
s

is

0 .0

0 .2

0 .4

0 .6

0 .8

A c u t e C h r o n i c

C O N T

m E H T
ns

I
n

te
r

s
ti

ti
a

l 
c

o
n

g
e

s
ti

o
n

0 .0

0 .2

0 .4

0 .6

0 .8

A c u t e C h r o n i c

C O N T

m E H T
ns

H
e

m
o

r
r

h
a

g
e

0 .0

0 .1

0 .2

0 .3

0 .4

0 .5

A c u t e C h r o n i c

C O N T

m E H T
ns

B C

D E F

G H I

J K

m E H T  t r e a tm e n t  (x 6 )

S a c r i f ic e ,

h is t o lo g y  (a c u t e )

1 4 7 1 0 1 3 1 6 1 8D a y s 4 8

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

ACUTE

C
O

N
T

m
E

H
T

H&E MPO

C
O

N
T

m
E

H
T

ACUTE

H&E Trichrome

CHRONIC

H&E Trichrome

C
O

N
T

m
E

H
T

CHRONIC

C
O

N
T

m
E

H
T

H&E MPO

m E H T  t r e a tm e n t  (x 6 )
S a c r i f ic e ,

h is t o lo g y  (a c u t e )

4 81 4 7 1 0 1 3 1 6 1 8D a y s

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

B C

ED

M
P

O
+

 c
e

ll
s

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

5 0 0

1 0 0 0

1 5 0 0

C O N T

m E H T

A c u t e C h r o n i c

*

ns

ns
ns

T
r

ic
h

r
o

m
e

 s
ta

in
e

d
 a

r
e

a

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

2 0

4 0

6 0

8 0

1 0 0

A c u t e C h r o n i c

C O N T

m E H T

ns

ns ns
ns

ACUTE

C
O

N
T

m
E

H
T

H&E MPO

C
O

N
T

m
E

H
T

ACUTE

H&E Trichrome

CHRONIC

H&E Trichrome

C
O

N
T

m
E

H
T

CHRONIC

C
O

N
T

m
E

H
T

H&E MPO

m E H T  t r e a tm e n t  (x 6 )
S a c r i f ic e ,

h is t o lo g y  (a c u t e )

4 81 4 7 1 0 1 3 1 6 1 8D a y s

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

B C

ED

M
P

O
+

 c
e

ll
s

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

5 0 0

1 0 0 0

1 5 0 0

C O N T

m E H T

A c u t e C h r o n i c

*

ns

ns
ns

T
r

ic
h

r
o

m
e

 s
ta

in
e

d
 a

r
e

a

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

2 0

4 0

6 0

8 0

1 0 0

A c u t e C h r o n i c

C O N T

m E H T

ns

ns ns
ns

ACUTE

C
O

N
T

m
E

H
T

H&E MPO

C
O

N
T

m
E

H
T

ACUTE

H&E Trichrome

CHRONIC

H&E Trichrome

C
O

N
T

m
E

H
T

CHRONIC

C
O

N
T

m
E

H
T

H&E MPO

m E H T  t r e a tm e n t  (x 6 )
S a c r i f ic e ,

h is t o lo g y  (a c u t e )

4 81 4 7 1 0 1 3 1 6 1 8D a y s

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

B C

ED

M
P

O
+

 c
e

ll
s

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

5 0 0

1 0 0 0

1 5 0 0

C O N T

m E H T

A c u t e C h r o n i c

*

ns

ns
ns

T
r

ic
h

r
o

m
e

 s
ta

in
e

d
 a

r
e

a

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

2 0

4 0

6 0

8 0

1 0 0

A c u t e C h r o n i c

C O N T

m E H T

ns

ns ns
ns

ACUTE

C
O

N
T

m
E

H
T

H&E MPO

C
O

N
T

m
E

H
T

ACUTE

H&E Trichrome

CHRONIC

H&E Trichrome

C
O

N
T

m
E

H
T

CHRONIC

C
O

N
T

m
E

H
T

H&E MPO

m E H T  t r e a tm e n t  (x 6 )
S a c r i f ic e ,

h is t o lo g y  (a c u t e )

4 81 4 7 1 0 1 3 1 6 1 8D a y s

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

B C

ED

M
P

O
+

 c
e

ll
s

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

5 0 0

1 0 0 0

1 5 0 0

C O N T

m E H T

A c u t e C h r o n i c

*

ns

ns
ns

T
r

ic
h

r
o

m
e

 s
ta

in
e

d
 a

r
e

a

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

2 0

4 0

6 0

8 0

1 0 0

A c u t e C h r o n i c

C O N T

m E H T

ns

ns ns
ns

L
u

n
g

 i
n

ju
r

y
 s

c
o

r
e

0

1

2

3
C O N T

m E H T

A c u t e C h r o n i c

ns
ns

ns
ns

C
e

ll
u

la
r

 i
n

f
il

tr
a

te

0 .0

0 .2

0 .4

0 .6

0 .8

A c u t e C h r o n i c

C O N T

m E H T
ns

A
lv

e
o

la
r

 o
v

e
r

d
is

te
n

ti
o

n

0 .0

0 .2

0 .4

0 .6

0 .8

A c u t e C h r o n i c

C O N T

m E H T
ns

A
te

le
c

ta
s

is

0 .0

0 .2

0 .4

0 .6

0 .8

A c u t e C h r o n i c

C O N T

m E H T
ns

I
n

te
r

s
ti

ti
a

l 
c

o
n

g
e

s
ti

o
n

0 .0

0 .2

0 .4

0 .6

0 .8

A c u t e C h r o n i c

C O N T

m E H T
ns

H
e

m
o

r
r

h
a

g
e

0 .0

0 .1

0 .2

0 .3

0 .4

0 .5

A c u t e C h r o n i c

C O N T

m E H T
ns

B C

D E F

G H I

J K

m E H T  t r e a tm e n t  (x 6 )

S a c r i f ic e ,

h is t o lo g y  (a c u t e )

1 4 7 1 0 1 3 1 6 1 8D a y s 4 8

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

ACUTE

C
O

N
T

m
E

H
T

H&E MPO

C
O

N
T

m
E

H
T

ACUTE

H&E Trichrome

CHRONIC

H&E Trichrome

C
O

N
T

m
E

H
T

CHRONIC

C
O

N
T

m
E

H
T

H&E MPO

m E H T  t r e a tm e n t  (x 6 )
S a c r i f ic e ,

h is t o lo g y  (a c u t e )

4 81 4 7 1 0 1 3 1 6 1 8D a y s

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

B C

ED

M
P

O
+

 c
e

ll
s

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

5 0 0

1 0 0 0

1 5 0 0

C O N T

m E H T

A c u t e C h r o n i c

*

ns

ns
ns

T
r

ic
h

r
o

m
e

 s
ta

in
e

d
 a

r
e

a

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

2 0

4 0

6 0

8 0

1 0 0

A c u t e C h r o n i c

C O N T

m E H T

ns

ns ns
ns

ACUTE

C
O

N
T

m
E

H
T

H&E MPO

C
O

N
T

m
E

H
T

ACUTE

H&E Trichrome

CHRONIC

H&E Trichrome

C
O

N
T

m
E

H
T

CHRONIC

C
O

N
T

m
E

H
T

H&E MPO

m E H T  t r e a tm e n t  (x 6 )
S a c r i f ic e ,

h is t o lo g y  (a c u t e )

4 81 4 7 1 0 1 3 1 6 1 8D a y s

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

B C

ED

M
P

O
+

 c
e

ll
s

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

5 0 0

1 0 0 0

1 5 0 0

C O N T

m E H T

A c u t e C h r o n i c

*

ns

ns
ns

T
r

ic
h

r
o

m
e

 s
ta

in
e

d
 a

r
e

a

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

2 0

4 0

6 0

8 0

1 0 0

A c u t e C h r o n i c

C O N T

m E H T

ns

ns ns
ns

ACUTE

C
O

N
T

m
E

H
T

H&E MPO

C
O

N
T

m
E

H
T

ACUTE

H&E Trichrome

CHRONIC

H&E Trichrome

C
O

N
T

m
E

H
T

CHRONIC

C
O

N
T

m
E

H
T

H&E MPO

m E H T  t r e a tm e n t  (x 6 )
S a c r i f ic e ,

h is t o lo g y  (a c u t e )

4 81 4 7 1 0 1 3 1 6 1 8D a y s

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

B C

ED

M
P

O
+

 c
e

ll
s

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))
0

5 0 0

1 0 0 0

1 5 0 0

C O N T

m E H T

A c u t e C h r o n i c

*

ns

ns
ns

T
r

ic
h

r
o

m
e

 s
ta

in
e

d
 a

r
e

a

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

2 0

4 0

6 0

8 0

1 0 0

A c u t e C h r o n i c

C O N T

m E H T

ns

ns ns
ns

ACUTE

C
O

N
T

m
E

H
T

H&E MPO

C
O

N
T

m
E

H
T

ACUTE

H&E Trichrome

CHRONIC

H&E Trichrome

C
O

N
T

m
E

H
T

CHRONIC

C
O

N
T

m
E

H
T

H&E MPO

m E H T  t r e a tm e n t  (x 6 )
S a c r i f ic e ,

h is t o lo g y  (a c u t e )

4 81 4 7 1 0 1 3 1 6 1 8D a y s

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

B C

ED

M
P

O
+

 c
e

ll
s

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

5 0 0

1 0 0 0

1 5 0 0

C O N T

m E H T

A c u t e C h r o n i c

*

ns

ns
ns

T
r

ic
h

r
o

m
e

 s
ta

in
e

d
 a

r
e

a

(%
 o

f
 t

o
ta

l 
lu

n
g

 a
r

e
a

 (


S
E

))

0

2 0

4 0

6 0

8 0

1 0 0

A c u t e C h r o n i c

C O N T

m E H T

ns

ns ns
ns

L
u

n
g

 i
n

ju
r

y
 s

c
o

r
e

0

1

2

3
C O N T

m E H T

A c u t e C h r o n i c

ns
ns

ns
ns

C
e

ll
u

la
r

 i
n

f
il

tr
a

te

0 .0

0 .2

0 .4

0 .6

0 .8

A c u t e C h r o n i c

C O N T

m E H T
ns

A
lv

e
o

la
r

 o
v

e
r

d
is

te
n

ti
o

n

0 .0

0 .2

0 .4

0 .6

0 .8

A c u t e C h r o n i c

C O N T

m E H T
ns

A
te

le
c

ta
s

is

0 .0

0 .2

0 .4

0 .6

0 .8

A c u t e C h r o n i c

C O N T

m E H T
ns

I
n

te
r

s
ti

ti
a

l 
c

o
n

g
e

s
ti

o
n

0 .0

0 .2

0 .4

0 .6

0 .8

A c u t e C h r o n i c

C O N T

m E H T
ns

H
e

m
o

r
r

h
a

g
e

0 .0

0 .1

0 .2

0 .3

0 .4

0 .5

A c u t e C h r o n i c

C O N T

m E H T
ns

B C

D E F

G H I

J K

m E H T  t r e a tm e n t  (x 6 )

S a c r i f ic e ,

h is t o lo g y  (a c u t e )

1 4 7 1 0 1 3 1 6 1 8D a y s 4 8

S a c r i f ic e ,

h is to lo g y  ( c h r o n ic )

A

A B

C

DOI:10.14753/SE.2022.2552



  

63 

 

5. Discussion 

Our first priority in this study was to develop and optimize mEHT as a viable method 

of treating primary or metastatic lung tumors in mice. The difficulty of applying mEHT 

in lung oncology stems from the lack of adequate chest electrodes customized for 

localized induction of heat stress in lungs, as well as the lack of appropriate methods of 

measuring or estimating lung temperature for the duration of treatment non-invasively, 

or at the least minimally-invasively. Therefore, in this study, we first sort out to address 

these aforementioned issues. Multiple chest electrodes with different specifications were 

designed and successfully tested for the capability of inducing a targeted increase in lung 

temperature while minimizing energy dissipation to surrounding tissues and organs in the 

thorax. Next, we set up electric parameters to ensure a targeted treatment temperature of 

41.5 – 42.0 °C in the lungs. During initial verification experiments, thermosensors were 

positioned in the main bronchi of lungs, pharynx, and rectum in non-tumor-bearing mice, 

and mEHT treated accordingly. A standard temperature gradient of 1.3 ± 0.1 °C was 

revealed between the lungs and pharyngeal temperature. Based on this, in subsequent 

experimental treatment of tumor-bearing mice, lung temperature was estimated by 

minimally invasive monitoring of the pharyngeal temperature only. 

Serial treatment of the lungs with the newly developed method demonstrated 

significant tumor growth inhibition, leading to reduced tumor burden in the lungs of 

mEHT-treated animals. This was demonstrated by an apparent reduction in gross 

metastatic pulmonary nodules, lung weight, as well as tumor area, tumor counts, tumor 

counts (% of lung area), and decreased [18F]FDG uptake in the lungs of treated animals 

as measured by PET. Lung SURmax and lung-to-blood SUVmean ratio are two 

quantitative parameters of [18F]FDG uptake measured by PET. SURmax values reflect 

the metastatic lesion [18F]FDG avidity in the lungs, while SUVmean ratio describes the 

dynamics of [18F]FDG uptake from the blood by tumor cells, characterizing their 

metabolic difference from surrounding normal organ tissues. The decrease in these 

parameters suggests a “dampening” in vivo effect of mEHT on metastatic melanoma in 

the lungs.  

Next, we investigated plausible molecular changes that may be responsible for the 

observed tumor growth inhibition following mEHT treatment of B16F10 melanoma in 
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the lungs. Ki67 is a tumor proliferation marker and its protein expression is consistent 

with the proliferative activity of malignant tumor cells (175). Following six-time 

treatments of melanoma with mEHT, significant downregulation of Ki67 protein 

expression was demonstrated in treated tumors which were accompanied by a comparable 

decrease in tumor size.  

Furthermore, we investigated the role that p21waf1 expression and nuclear localization 

may play as an anti-tumor effect of mEHT on melanoma tumors. The control of cell cycle 

progression is mediated by several factors in response to multiple stimuli amongst which 

p21waf1, a potent cyclin-dependent kinase (CDK) inhibitor has been widely described. The 

nuclear localization of p21waf1 in response to external or internal stimuli correlates with 

its inhibitory effect on cell cycle progression (176). Significant upregulation in p21waf1 

expression and nuclear localization was observed in treated tumors, suggesting that p21 

waf1-mediated cell cycle arrest plays an important role in the anti-tumor effect of mEHT. 

In addition, many events that cause either cell cycle arrest or apoptosis are associated 

with increased phosphorylation of H2AX in the cellular response to DNA damage. We 

measured the level of γ-H2AX in treated and sham-treated tumors to investigate the DNA 

damaging effect of mEHT. Treated tumors showed a significantly increased level of γ-

H2AX expression in tumor cells compared to sham-treated control. Increased H2AX 

phosphorylation is linked to p53 protein upregulation associated with increased p21waf1, 

a strong cyclin-dependent kinase inhibitor (173). We have also demonstrated previously 

that mEHT treatment mediated p53 stabilization by acetylation of p53 in B16F10 

melanoma cells (177). Increased DNA damage and p21waf1 as already described can 

induce apoptotic cell death in tumor cells. In this study, however, we did not observe any 

significant increase in apoptotic cell death of mEHT-treated tumor cells as demonstrated 

by the insignificant levels of CCasp3 expression. One plausible explanation for this 

observation is the possibility of a cellular level pro-survival gene mutation in mEHT-

treated tumor cells. 

Furthermore, we have demonstrated that mEHT induces significantly increased 

levels of DAMP signal proteins including secreted hsp70, HMGB1 proteins, and ATP in 

B16F10 melanoma. Damage-associated molecular patterns (DAMPs) release is 

associated with increased tissue injury or cellular stress and is capable of activating the 

innate immune system and stimulate anti-tumor immunity resulting in immunological cell 
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death (178). Therefore, we investigated whether mEHT treatment has the capability of 

mobilizing the immune system. As anti-tumor immunity is in most cases predominantly 

mediated by cellular immunity, we measured the density of CD3+- and CD8+-T cells in 

the whole lung and also in tumor tissue. We observed markedly increased CD3+-T cells 

in treated tumors, although an increase in CD3+-T cell density in the lung as a whole was 

statistically insignificant. An apparent increase in whole lung and tumor density of CD8+-

T cells was observed in treated animals. Although mEHT treatment resulted in 

significantly increased T cells infiltration into treated tumors, it is yet to be investigated 

whether the infiltrating lymphocytes are actively involved in tumor destruction of 

B16F10 melanoma cells. In addition, we investigated the level of F4/80+ macrophage 

infiltrates in treated tumors to investigate the contribution of macrophages to the 

clearance of dead or senescent tumor cells. As expected, mEHT-treated lungs showed 

significantly increased F4/80+ macrophage density in both tumors and whole lungs 

indicating the critical role these cells may play in the efficacy of mEHT as a treatment 

modality. 

Compared to conventional hyperthermia, mEHT can induce a significantly higher 

level of reactive oxygen species (ROS) in treated tumor cells (179). While this offers 

obvious therapeutic benefits such as ROS-mediated DNA damage of tumor cells (180), 

in normal lung tissues, ROS can activate NF-κB signal transduction leading to the 

expression of a variety of inflammatory genes for cytokines, IL-4, IL-5, IL-9, IL-15, and 

TNF-α with the potential of significant lung parenchymal damage (181). Therefore, we 

investigated whether mEHT treatment of lungs can induce significant treatment-related 

lung parenchymal injury under acute and chronic conditions. Heat stress was induced by 

exposing the anesthetized non-tumor-bearing mice to a lung temperature of 41.5 – 42.0 °C 

for 30 min with mEHT. Non-tumor-bearing mice were selected for this study to eliminate 

all potential influences that may affect the inflammatory status of the lungs. In two groups 

(sham-treated, mEHT-treated) of ten animals each, half of the animals in each group were 

sacrificed 48 h after the last mEHT treatment on day 18, and lungs were excised en bloc 

for further immunohistochemistry analysis. The remaining animals were kept under 

normal condition for an extended 30 days period, after which they were sacrificed and 

lungs excised for further analysis. All tissue samples were myeloperoxidase-stained. 

Myeloperoxidase (MPO) is a heme-containing protein found mostly in azurophilic 
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granules of neutrophils and to a lesser extent in monocytes (182). Neutrophils can 

undergo secondary necrosis during extensive inflammation, causing the release of MPO 

that may destroy resident lung cells and cause inflammation (182). mEHT treatment 

induced a significant increase in MPO positive cells under acute condition, although the 

measured levels of MPO positive cells in chronic condition was insignificant, 

demonstrating that this effect is non-long-lasting and limited to acute conditions only. 

The acute increase in MPO-positive cells did not result in any significant pathological 

damage to the lungs as demonstrated by the non-significant changes in lung injury score 

(LIS) in both acute and chronic conditions. The components measured as part of LIS 

included cellular infiltrate, alveolar over-distension, atelectasis, interstitial congestion, 

and hemorrhage, covering all major aspects of plausible lung injury. Furthermore, no 

signs of fibrosis, a potential consequence of chronic inflammation, was observed in this 

study. Based on these observations, it can be concluded that mEHT treatment alone did 

not induce any significant pathological changes in lungs of treated animals. The limitation 

of this study however, is that non-tumor bearing lungs was used, primarily to eliminate 

all other plausible cause of inflammation in mice lungs such as tumor presence as 

described earlier. Further investigation is needed on the potential adverse effect of mEHT 

in tumor-bearing lungs. Increase lymphocytic infiltration following mEHT treatment of 

lungs as previously described can potentially induce lung inflammation. Thus, the 

inflammatory status of mEHT-treated non-tumor bearing lungs is different from that of 

mEHT-treated tumor-bearing lungs and therefore deserves further investigation. 
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6. Conclusions 

In this study, we have demonstrated the capability of mEHT to induce localized heat 

stress in the lungs, enabled via a customized chest electrode designed specifically for 

targeted treatment of lung tumors while minimizing the dissipation of energy to 

neighboring tissues and organs in the murine thorax. The verification of pharyngeal-lung 

temperature quantitative relation enabled the minimally invasive monitoring of lung 

temperature during treatment of tumor-bearing mice while avoiding any practical adverse 

effect of direct lung temperature measurement which may involve mechanical lung injury. 

This technique we believe could offer a particular advantage in clinical settings where 

accurate estimation of lung temperature is essential to eliminate over-heating or under-

treating of primary or metastatic pulmonary cancers with a potential negative impact on 

treatment outcomes. We have demonstrated that repeated mEHT treatment (at 41.5 – 

42.0 °C for 30 min) inhibits the growth of B16F10 melanoma in both primary tumor and 

pulmonary metastases models. A significant decrease in [18F]FDG uptake and metastatic 

pulmonary melanoma nodules were observed in the lungs of treated animals. 

Upregulation of phosphorylated H2AX was demonstrated with mEHT treatment which 

led via the p53 pathway to upregulation and nuclear localization of p21waf1, a potent 

cyclin-dependent kinase inhibitor responsible for tumor senescence and cell cycle arrest. 

The downregulating effect of mEHT on Ki67, a prominent tumor proliferation marker, 

reaffirms its ability to block cell cycle progression in treated tumor cells. Although several 

mechanisms have been described in this study to play a critical role in the tumor inhibitory 

effect of mEHT, apoptotic cell death was absent as demonstrated by the insignificant level 

of CCasp3 expression. As was verified previously in a primary tumor model of B16F10 

melanoma, mEHT can induce significant DAMP signal release with the capability to 

stimulate the anti-tumor immunity that may result in the immunological death of tumor 

cells. Consequently, an increased density of infiltrating lymphocytes and macrophages 

was observed in mEHT-treated lungs compared to the sham-treated ones. The massive 

infiltration of tumors by CD3 and CD8 positive T-lymphocytes and by F4/80 positive 

macrophages indicated the mobilization of cellular anti-tumor immunity by mEHT. 

Furthermore, in non-tumor-bearing mice, mEHT treatment-induced lung infiltrating 

MPO positive cells (primarily neutrophils) was observed only in acute conditions, with 
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insignificant changes of MPO expressing cells observed in chronic conditions. This 

indicates absent inflammatory changes in the lungs in chronic conditions following 

mEHT treatment and explains the observed lack of fibrotic pathology in the lungs of 

treated animals. Despite the obvious therapeutic effects of mEHT treatment on the 

pulmonary metastases of melanoma as described in this paper, it remains to be evaluated 

whether synergistic advantages of combining mEHT with already existing treatment 

modalities may offer a better outcome for patients with primary or metastatic pulmonary 

cancers.  
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7. Summary 

In this study, pulmonary metastases of melanoma were established by injecting 

B16F10 melanoma cells via tail vein into female C57BL/6 mice. Repeated treatment of 

tumor-bearing lungs with mEHT induced significant tumor growth inhibition 

demonstrated by the reduction in 2-Fluoro[18F]-2-Deoxy-D-Glucose uptake, decreased 

number of pulmonary metastatic nodules, decrease tumor area and decrease tumor counts 

as a fraction of the total lung area. The treatments provoked significant DNA double-

strand breaks measured by the increased number of tumor cells displaying an elevated 

nuclear expression of phosphorylated H2AX protein. The mEHT-related significant 

increase in p21waf1 positive tumor cells, besides the reduced Ki67 positive population, 

suggested that p21waf1-mediated cell cycle arrest plays an important role in the anti-tumor 

effect of mEHT. Though mEHT did not induce major intratumoral cleaved/activated 

caspase-3 expression, the significantly elevated F4/80+ macrophage, and the enhanced 

CD3+ and CD8+ T-lymphocyte infiltration indicated the alerted anti-tumor cellular 

immunity in response to treatment. In conclusion, local mEHT can reduce the growth 

potential of pulmonary metastatic melanoma by dominantly inducing cell cycle arrest 

(senescence), inhibiting proliferation via downregulation of Ki67 expression, inducing 

DNA damage response, and mobilizing cellular immunity with potential tumor 

destructing effect, thus offering itself as a complementary partner of chemo- and/or 

radiotherapy. 
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8. Összefoglalás 

 Vizsgálatunkban a melanoma pulmonális metasztázisainak megjelenését nőstény 

C57BL/6 egerek farok vénájába injektált B16F10 melanoma sejtekkel idéztük elő. A 

metasztatikus tüdő ismételt mEHT-val való kezelése jelentős tumor növekedés gátlást 

váltott ki, amit a 2-Fluoro [18F]-2-Deoxy-D-Glucose felvétel mérséklődése, a pulmonális 

metasztázisok számának csökkenése és a daganat kiterjedésének zsugorodása jelzett. A 

kezelés kettős láncú DNS törések indukálása révén jelentős DNS károsodát váltott ki, 

melyet a fokozott foszforilált H2AX fehérje expressziót mutató tumorsejtek számának 

növekedésével igazoltunk. Az mEHT kezelés utáni p21waf1 pozitív tumorsejtek 

számának szignifikáns növekedése – csökkent Ki67 pozitív populáció mellett – rámutat, 

hogy a p21waf1 mediált sejtciklus leállás fontos szerepet játszik az mEHT tumorellenes 

hatásában. Az mEHT nem indukált jelentős intratumorális hasított/aktivált kaszpáz-3 

expressziót, ugyanakkor a szignifikánsan megemelkedett F4/80+ makrofág és  

CD3+/CD8+ T-limfocita infiltráció a kezelés által kiváltott tumor ellenes sejtes 

immunválasz aktiválódását jelezte. Összegzésképpen elmondható, hogy a lokális mEHT 

kezelés csökkentheti a pulmonális metasztatikus melanoma növekedési potenciálját 

azáltal, hogy a sejtciklus leállását (szeneszcenciát) és a Ki67 expresszió lecsökkenésén 

keresztül proliferáció gátlást okoz. Ezenkívül a kezelés által előidézett DNS károsodás és 

a tumor ellenes immunválasz indukálása révén potenciális daganat károsító hatása van, 

így alkalmas lehet kemo- és/vagy sugárterápia kiegészítésére. 
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