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Abstract

Background: Mast cells, key effectors of the innate immune system, are known to partici-
pate in various stages of tumor progression, including inflammation, angiogenesis, and
extracellular matrix remodeling. Their role in melanoma, particularly in relation to Breslow
thickness, pT stage, and AJCC staging, remains unclear. This study aims to quantitatively
and phenotypically assess mast cell infiltration in cutaneous melanoma at different stages
of progression, focusing on Tryptase- and Chymase-positive subtypes. Methods: This
retrospective multicenter study included 124 patients with cutaneous melanoma (AJCC 8th
edition, stages IA-IIIC). Histological sections were stained with hematoxylin and eosin,
and mast cells were visualized using toluidine blue and immunohistochemistry with anti-
Tryptase and anti-Chymase antibodies. Mast cells were counted manually in intratumoral
and peritumoral regions by two independent observers. Quantitative data were analyzed
using non-parametric tests and presented as median [Q1-Q3]. Results: Histological ex-
amination of 124 melanoma samples confirmed typical features of cutaneous melanoma,
with nodular melanoma being the most common subtype (68 cases, 54.8%) and the lower
extremities identified as the predominant tumor location (47 cases, 37.9%). Toluidine blue
staining verified the presence of mast cells in both intratumoral and peritumoral compart-
ments, with the highest density observed in early-stage melanomas. Immunohistochemical
analysis identified both Tryptase+ and Chymase+ mast cells. The intratumoral number of
Tryptase+ cells declined from 17 [14-19] per HPF at AJCC stage IA to 6 [5-7] per HPF at
stage IIIC, while Chymase+ mast cells decreased from 14 [11-16] per HPF to 2 [1-3] per HPF
over the same stages. Peritumoral counts also showed a downward trend, although less
pronounced. Overall, the most significant reduction was observed in Chymase+ mast cells,
suggesting their potential role as markers of melanoma progression. Conclusions: This
study highlights the dynamic changes in mast cell populations in cutaneous melanoma,
with a pronounced decrease in Chymase* mast cells as the tumor progresses. Further
research is needed to explore the mechanistic role of mast cells and their phenotypic shifts
in melanoma progression.
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1. Introduction

Cutaneous melanoma remains one of the most aggressive and prognostically unfa-
vorable malignant tumors, despite the advances in modern dermatologic oncology. Ac-
cording to epidemiological studies, its share among all skin malignancies accounts for
approximately 20%, and the incidence continues to rise, particularly among fair-skinned
populations in regions with high sun exposure [1,2]. Although the introduction of early
diagnostic methods and immunotherapy has led to a decrease in mortality, the prognosis
for melanoma remains closely linked to the stage of the disease [3].

One of the key factors determining the behavior of melanoma is the tumor
microenvironment—a complex system of cells and molecular signals that actively in-
fluences tumor growth, angiogenesis, invasion, and metastasis [4]. Its formation involves
fibroblasts, endothelial cells, immune cells of both innate and adaptive immunity, as well
as extracellular matrix components [5]. In recent years, particular attention has been paid
to the role of mast cells—effector elements of the innate immune response, known for
their ability to release a wide range of biologically active substances, including histamine,
tryptase, chemokines, and cytokines [6-8].

Mast cells are traditionally associated with allergic and inflammatory reactions, but
their involvement in the pathogenesis of malignant tumors, including melanoma, is gaining
increasing significance. Literature data indicate that, in the tumor microenvironment, mast
cells are capable of both stimulating tumor growth and invasion by promoting matrix
remodeling and angiogenesis, as well as performing protective functions by participating
in antigen presentation and mobilizing immune responses [9]. These contradictory effects
appear to depend on the tumor stage, its localization, the functional phenotype of the mast
cells, and their spatial distribution relative to the tumor focus [10-12].

Despite the existence of some experimental and clinical studies, the quantitative
characteristics and pathogenic role of mast cells in stages I-1II of cutaneous melanoma
remain insufficiently studied. Specifically, the patterns of mast cell infiltration in the
tumor and peritumoral zones at different stages of disease are poorly understood. The
present study aims to analyze the distribution and density of mast cells in the tissues of
cutaneous melanoma at stages I-III, as well as to identify possible associations between
these parameters and the different staging metrics of the tumor.

2. Materials and Methods of Research
2.1. Study Design and Setting

This retrospective, multicenter, cohort study was observational and analytical in
design and was conducted spanning 2023-2024 years at the National Medical Research
Radiological Center (Moscow, Russia). Potential patient cases were initially identified
through a search of the electronic medical record systems at both institutions using In-
ternational Classification of Diseases, 10th Revision (ICD-10) codes corresponding to the
primary diagnosis C43—Malignant melanoma of skin.

2.2. Participant Selection

The study included data from 124 patients with a confirmed diagnosis of melanoma.
Medical records, primarily case histories, were used for analysis. For all patients, anamnesis,
clinical manifestations, disease stage according to the American Joint Committee on Cancer
(AJCC 8th edition) classification, the nature of surgical and conservative treatments, as well
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as disease outcomes, were taken into account. Surgical specimens (paraffin blocks) stained
with hematoxylin and eosin were also examined, and histological subtypes of melanoma
were studied.

Based on the collected data, patient groups were formed corresponding to stages IA,
IB, ITIA, IIB, IIC, IIIA, IIIB, and ITIC according to the AJCC 8th edition classification.

Inclusion criteria: Cutaneous melanomas of the specified stages without distant metas-
tases (MO); histological subtypes: superficial spreading melanoma (ICD-O: 8743/3; Su-
perficial spreading melanoma), nodular melanoma (ICD-O: 8721/3; Nodular melanoma),
desmoplastic melanoma (ICD-O: 8745/3; Desmoplastic melanoma); functional status ac-
cording to ECOG scale 0-1.

Exclusion criteria: Spitz-type lesions; prior systemic or local antitumor therapy; pres-
ence of distant metastases or recurrent disease; synchronous or metachronous multiple
primary cancers; infectious diseases; autoimmune disorders.

2.3. Histologic Research

All histological specimens were processed and stained in the same pathology labo-
ratory. Serial 2 pm-thick sections were obtained from archival paraffin-embedded tissue
blocks of skin. Sections were stained with hematoxylin and eosin (H&E). Toluidine blue
staining was also performed to identify mast cells. Histological analysis was performed
using a Leica DM2000 light microscope with microphotography capabilities (Leica Mi-
crosystems, Wetzlar, Germany), in accordance with standard histopathological criteria.

2.4. Immunohistochemical (IHC) Assay

Immunohistochemistry was performed according to standard protocols. Primary
antibodies used included anti-Tryptase (Abcam; ab2378, dilution 1:1000) and anti-Chymase
(Abcam; ab2377, dilution 1:500). For secondary antibody detection, the HiDef Detec-tion™
HRP Polymer System (Cell Marque, Rocklin, CA, USA) was applied. This two-component
system included anti-mouse/rabbit IgG antibodies, horseradish peroxidase (HRP), and
DAB chromogen substrate. Cell nuclei were counterstained with Mayer’s hematoxylin.

2.5. Morphometric Study

The quantification of Tryptase™ and Chymase™ mast cells was performed by counting
tumor buds in hotspot areas. The assessment was carried out on immunohistochemically
stained tissue sections. Initially, areas with the highest mast cell density were identified by
scanning the slides at low magnification (x40-100) using QuPath version 5.1. Depending
on the size of the lesion, between three and five hotspot areas were selected for counting:
three in cases of small lesions and five for larger tumor areas. Mast cells were counted
manually in both intratumoral regions and the peritumoral stroma under high-power fields
(x400) by two independent observers, with discrepancies resolved by consensus. Images
were acquired at x400 magnification using QuPath V5.1, and the number of Tryptase* and
Chymase™ cells in each hotspot was recorded. The final mast cells count for each sample was
calculated as the average across all selected hotspots. Mast cells located in close proximity
to necrotic areas (~100 pm from the border of necrosis) were excluded from the analysis.
This approach was adopted because necrotic tissue lacks a viable microenvironment and is
not representative of functional tumor-stroma interactions. Including such regions could
artificially lower mast cell counts, especially in advanced stages where necrosis is more
common, and would not reflect the biologically relevant distribution of mast cells within
viable tumor tissue. In cases of melanin deposition, Tryptase* and Chymase* mast cells
were evaluated based on their cellular and nuclear morphology.
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2.6. Data Collection

Data for this study were systematically extracted from the electronic medical records
system. The collected data were then entered into a secure, encrypted Microsoft Excel
spreadsheet (Microsoft Excel 2010; Microsoft Corporation, Seattle, WA, USA) for further
processing and analysis. The spreadsheet was subsequently reviewed and verified by
several co-investigators from the research team, who performed thorough checks to ensure
the accuracy and completeness of the dataset before analysis. This multi-step verification
process helped minimize errors and ensured the reliability of the data.

2.7. Statistical Analysis

Statistical analysis was performed using SPSS software, version 12.0 (IBM Analytics,
Armonk, NY, USA). The distribution of quantitative data was assessed with the Shapiro—
Wilk test. As the mast cell count data did not follow a normal distribution (p < 0.05),
non-parametric methods were applied. Intergroup comparisons were conducted using the
Mann-Whitney U test, and multiple-group comparisons were performed with the Kruskal-
Wallis test followed by post hoc pairwise analysis where appropriate. Quantitative data are
presented as median and interquartile range (Me [Q1-Q3]). A p-value < 0.05 was consid-
ered statistically significant. Data visualization was performed using boxplots, generated
in Microsoft Excel, with additional schematic illustrations prepared in BioRender.com
(accessed on 7 August 2025).

3. Results
3.1. Characteristics of Patients

Table 1 summarizes the clinical and pathological characteristics of the patient cohort.
A total of 124 individuals diagnosed with cutaneous melanoma were included in the study,
with an average age of 63.8 years. Nodular melanoma emerged as the most prevalent
histological subtype. The lower extremities represented the most frequent site of tumor
involvement, observed in 47 patients. According to the AJCC 8th edition classification,
disease stages ranged from IA to IIIC, with the majority of patients falling into advanced
stages (IIIA-IIIC).

Table 1. Clinicopathological Characteristics of the Patients.

Characteristic n %
Age (range) 29-88 years N/A
Mean age 63.8 years N/A
Gender
Male 53 42.7%
Female 71 57.3%
Histological type
Superficial spreading melanoma 46 37.1%
Nodular melanoma 68 54.8%
Desmoplastic melanoma 10 8.1%

Breslow thickness

<0.8-1.0 mm 32 25.8%
>1.0-2.0 mm 28 22.6%
>2.0-4.0 mm 35 28.2%

>4.0 mm 29 23.4%
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Table 1. Cont.

Characteristic n %

Clark’s level of invasion

I 16 12.7%
I 25 19.8%
I 24 19.0%
v 48 38.9%
Vv 11 9.5%

Primary tumor localization
Head and neck 19 15.3%
Trunk 29 23.4%
Upper extremities 29 23.4%
Lower extremities 47 37.9%

Pathological T category (pT)

pTla 23 18.5%
pT1lb 9 7.3%
pT2a 20 16.1%
pT2b 8 6.5%
pT3a 21 16.9%
pT3b 14 11.3%
pT4a 17 13.7%
pT4b 12 9.7%
AJCC 8th Edition Stage

IA 23 18.5%
IB 10 8.1%
ITA 12 9.7%
1B 14 11.3%
IiC 14 11.3%
IITA 17 13.7%
I11B 17 13.7%
1IC 17 13.7%

3.2. Histological Patterns

All tumor samples from the study cohort (n = 124; 100%) exhibited histopathological
features consistent with cutaneous melanoma (Figure 1). The neoplastic tissue mainly
consisted of irregular clusters, sheets, or fascicles of atypical melanocytic cells infiltrating
the dermis and often extending into the subcutaneous fat. Tumor architecture varied
between nodular and diffuse patterns depending on the histological subtype.

Most tumor cells displayed marked cytological pleomorphism. The cells were oval,
polygonal, or spindle-shaped with sparse to moderate eosinophilic cytoplasm. In many
cases, the cytoplasm contained coarse brown pigment granules corresponding to melanin.
The nuclei were enlarged, hyperchromatic, and frequently irregular in shape, with promi-
nent nucleoli observed in a significant proportion of tumor cells.

The tumor stroma ranged from fibrotic to moderately inflamed, often containing
moderate peritumoral and intratumoral inflammatory infiltrates composed of lymphocytes,
plasma cells, and scattered histiocytes. Occasional eosinophils and neutrophils were also
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present. Some samples showed areas of intercellular edema, vascular congestion, and focal
coagulative necrosis, particularly in larger or more deeply invasive tumors.

A

Figure 1. Patient L., male, 55 years. Invasive melanoma, 8743/3 superficial spreading subtype,
Breslow thickness 2.1 mm (pT3b). (A)—histoscan; (B)—tumor. Staining: hematoxylin and eosin,
magnification x400.

Ulceration of the overlying epidermis was noted in a subset of cases, often accompa-
nied by reactive epidermal hyperplasia at the periphery. Mitotic figures, including atypical
mitoses, were readily identified in most tumors, with mitotic indices varying by stage and
histological subtype.

Histological staging according to the 8th edition of the AJCC classification ranged
from early superficial involvement (stage IA) to deeply invasive lesions with satellitosis or
in-transit metastases (stage IIIC). In lower-stage tumors (e.g., IA-1IB), the neoplastic process
was mostly confined to the dermis, whereas advanced-stage tumors (IIIC) demonstrated
extensive infiltration into the subcutis, vascular or lymphatic invasion, and in some cases,
involvement of adjacent structures.

3.3. Toluidine Blue Assay

All tumor samples from the study cohort (n = 124; 100%) were subjected to Toluidine
Blue staining, which highlighted the presence of mast cells within the tumor stroma. In
all samples, mast cells exhibited a distinct purple coloration, indicative of metachromatic
staining of their granules (Figure 2). Toluidine Blue staining revealed that the granules of
mast cells were prominently stained in purple, with a characteristic metachromatic shift.
These cells were predominantly located in the tumor stroma, particularly in areas with
peritumoral and intratumoral inflammatory infiltrates.

Figure 2. Patient I, female, 88 years. Invasive melanoma, 8721/3 nodular subtype, Breslow thickness
1.8 mm (pT2a). (A)—histoscan; (B)—intratumoral tissue; (C)—peritumoral tissue. Staining: Toluidine
Blue, magnification x400.
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3.4. Immunohistochemical Assay

Immunohistochemical staining for Tryptase and Chymase revealed the presence of
Tryptase* and Chymase* mast cells within both the intratumoral and peritumoral com-
partments of cutaneous melanoma samples. These cells were predominantly scattered as
individual elements or in small clusters, with a tendency to localize near areas of dense
tumor cell infiltration and stromal remodeling.

Both Tryptase® Chymase™ and mast cells exhibited strong cytoplasmic immunoreactivity,
with their granules staining intensely in the cytoplasm (Figures 3 and 4). These cells displayed
an irregular, oval, or spindle-shaped morphology, with large, hyperchromatic nuclei. The
staining of Tryptase was observed both within the tumor parenchyma and in the surrounding
stroma, with a higher concentration of these cells in more invasive regions of the tumor.

Figure 3. Patient K., male, 43 years. Invasive melanoma, 8721/3 nodular subtype, Breslow thickness
4.6 mm (pT4b). (A)—histoscan; (B)—intratumoral tissue; (C)—peritumoral tissue. Immunohisto-
chemical reaction with antibodies to Tryptase, magnification x400.

Figure 4. Patient G., male, 53 years. Invasive melanoma, 8743/3 superficial spreading subtype,
Breslow thickness 1.6 mm (pT2b). (A)—histoscan; (B)—intratumoral tissue; (C)—peritumoral tissue.
Immunohistochemical reaction with antibodies to Chymase, magnification x400.
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Mast cell infiltration was identified both within the tumor (intratumoral) and in the
surrounding tissue (peritumoral), with a notable increase in density in the peritumoral zone.

In contrast, the non-tumorous skin adjacent to the melanoma exhibited only isolated
Tryptase™ and chymase® mast cells, primarily located around blood vessels or in areas with
increased inflammatory activity. Chymase* mast cells were less frequent in these regions,
with Tryptase™ mast cells being slightly more common, but both were significantly less
abundant compared to the tumor tissue.

3.5. Quantitative Analysis of Mast Cells According to Breslow Thickness

The examination of mast cell markers relative to Breslow thickness revealed a distinct
reduction in the number of mast cells both within the tumor and in the surrounding tissues
as the tumor thickness increased. The average values of mast cells across different zones
are illustrated in Figure 5.
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Figure 5. Cont.
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Figure 5. Distribution of mast cell counts by Breslow (p < 0.05). (a)—toluidine blue; (b)—Tryptase;
(¢)—Chymase.

At a tumor thickness of less than 1.0 mm (<0.8-1.0 mm), the mean number of intra-
tumoral mast cells stained with Toluidine Blue was 15 [13-18], while for tumors thicker
than 4.0 mm, this value dropped to 7 [6-9], indicating an absolute decrease of about 8 cells.
The peritumoral zone exhibited a similar trend, with a decrease from 18 [16-20] at less than
1.0 mm to 14 [13-16] at more than 4.0 mm, reflecting a decrease of about 4 cells.

For Tryptase-positive mast cells, the number in the intratumoral zone decreased from
15 [13-17] cells in tumors with a thickness less than 1.0 mm to 8 [7-9] cells in tumors thicker
than 4.0 mm, showing a reduction of about 7 cells. In the peritumoral zone, this reduction
was from 17 [15-19] cells to 14 [13-16] cells, corresponding to a reduction of about 3 cells.

Chymase-positive mast cells exhibited the most notable decline in the intratumoral
zone, where the number decreased from 14 [12-16] in tumors with a thickness of less than
1.0 mm to 2 [1-3] in those greater than 4.0 mm, representing a reduction of about 12 cells.
Similarly, in the peritumoral area, the count reduced from 18 [16-20] to 6 [5-7] cells, a
reduction of about 12 cells.

This data shows a progressive reduction in the number of mast cells both within
the tumor and in the surrounding tissue, with the most significant decline occurring in
chymase-positive mast cells in the intratumoral zone.

3.6. Quantitative Analysis of Mast Cells According to pT Stage

The assessment of mast cell markers in relation to the pT stage of cutaneous melanoma
demonstrated a clear tendency for mast cell numbers to decrease as the tumor stage
advanced. The average mast cell counts for each stage are presented in Figure 6.

At pT1a, the average number of intratumoral mast cells stained with Toluidine Blue
was 15 [13-18], which decreased to 7 [6-8] at pT4b, corresponding to a reduction of about
8 cells. For the peritumoral zone, the count reduced from 18 [16-20] at pT1a to 14 [13-16] at
pT4b, reflecting a reduction of about 4 cells.

For Tryptase-positive mast cells, the count in the intratumoral area dropped from 15
[13-17] at pT1la to 6 [5-8] at pT4b, a reduction of about 9 cells. In the peritumoral zone,
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Tryptase-positive cells decreased from 18 [16-20] at pT1la to 13 [12-15] at pT4b, with a

decrease of 5 cells.
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Figure 6. Distribution of mast cell counts by tumor thickness according to pT stage (p < 0.05).

(a)—toluidine blue; (b)—Tryptase; (c)—Chymase.
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Chymase-positive mast cells showed the most significant decline in the intratumoral
zone. At pTla, their number was 16 [14-18], while at pT4b it decreased to 2 [1-3], reflecting
a reduction of about 14 cells. In the peritumoral area, this reduction was from 18 [16-20] at
pTla to 6 [5-7] at pT4b, a reduction of about 12 cells.

Overall, the pT staging scale revealed a steady reduction in both intratumoral and
peritumoral mast cell counts, with the most pronounced decrease seen in Chymase-positive
mast cells. This reduction may suggest an evolving role of mast cells in the progression of
melanoma, with their number declining as the disease reaches more advanced stages.

3.7. Quantitative Analysis of Mast Cells According to AJCC Stage

The assessment of mast cell markers in relation to the AJCC stage of cutaneous
melanoma showed a clear pattern of decreasing mast cell numbers as the disease progressed.
The distributions of mast cell counts for each stage are illustrated in Figure 7.
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Figure 7. Correlation of mast cell count with tumor thickness according to AJCC stage (p < 0.05).
(a)—toluidine blue; (b)—Tryptase; (¢)—Chymase.

At AJCC stage IA, the number of intratumoral mast cells stained with Toluidine Blue
was 16 [14-18], which decreased to 7 [6-8] at stage IIIC, reflecting a reduction of about
9 cells. In the peritumoral zone, the values decreased from 18 [16-20] at stage IA to 14
[13-16] at stage IIIC, with a reduction of about 4 cells.

For Tryptase-positive mast cells, the count in the intratumoral zone at stage IA was 17
[15-19], and at stage IIIC it dropped to 6 [5-7] cells, corresponding to a reduction of about
11 cells. In the peritumoral area, the number decreased from 17 [15-19] at stage IA to 13
[12-15] at stage IIIC, with a reduction of about 4 cells.

Chymase-positive mast cells displayed the most considerable reduction, particularly
in the intratumoral zone. At AJCC stage IA, their number was 14 [12-16], and at stage IIIC
it decreased to 2 [1-3], representing a reduction of about 12 cells. In the peritumoral zone,
the count dropped from 20 [18-22] at stage IA to 7 [6-8] at stage IIIC, reflecting a decrease
of about 13 cells.

Thus, the AJCC staging system revealed a consistent decline in both intratumoral and
peritumoral mast cells, with the most pronounced reduction occurring in Chymase-positive
mast cells. This may indicate a shift in the role of mast cells during melanoma progression
as the disease advances to later stages.

4. Discussion

The results demonstrated a consistent decrease in mast cell numbers with increasing
tumor thickness according to Breslow and with more advanced stages based on the pT
and AJCC classifications. Special attention was given to cells positive for serine proteases—
Tryptase and Chymase—which are important functional markers of mast cell activation.
The results demonstrate a consistent decrease in mast cell numbers with increasing tu-
mor thickness according to Breslow and at more advanced stages based on the pT and
AJCC classifications.

Mast cells, as effector cells of the innate immune system, exhibit high functional plas-
ticity and participate in the regulation of inflammation, angiogenesis, extracellular matrix
remodeling, and immune responses [13]. Within the tumor microenvironment, they can
perform both protumorigenic and antitumorigenic functions, depending on local signals,
disease stage, and phenotypic characteristics [14]. Among the key mediators secreted by
mast cells, serine proteases—Tryptase and Chymase—play a prominent role, each reflecting
a distinct functional profile of the cell. Tryptase-positive mast cells are primarily involved
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in tissue remodeling, fibroblast activation, and the stimulation of matrix metalloproteinase
expression, contributing to tumor invasion and the formation of fibrotic stromal compo-
nents [15]. In contrast, Chymase-positive mast cells possess more pronounced angiogenic
and immunoregulatory activities: they can activate TGF-f3, promote neovascularization,
and contribute to the creation of an immunosuppressive microenvironment favorable for
tumor progression [16]. Thus, the decrease in the number of Chymase-positive cells during
the progression to later stages of melanoma may suggest a reduction in specific mecha-
nisms of local immune suppression, whereas the persistence of Tryptase-positive cells may
indicate continued support for the inflammatory and remodeling background of the tumor.

At early stages of melanoma, the highest number of mast cells, especially Chymase-
positive ones, was recorded, which may reflect their active role in the initial stages of tumor
remodeling and inflammatory responses [17]. The reduction in their numbers at later stages
may be related to the depletion of regenerative resources, a shift in the profile of signaling
molecules in the tumor, or the relocation of key immunosuppressive functions to other
cellular elements of the tumor microenvironment, such as TAMs or Tregs [18].

A particularly pronounced reduction in Chymase-positive mast cells compared to
Tryptase-positive cells, both in the intratumoral and peritumoral zones, may indicate
differences in their functions and sensitivity to changes in the microenvironment. In the
context of tumor progression, accompanied by hypoxia, acidosis, and vascular destruction,
the survival and functional activity of Chymase-positive cells may be impaired [19]. At
the same time, Tryptase-positive cells likely play a more stable role in maintaining the
inflammatory and fibrotic background, especially in the peritumoral zone [15].

Importantly, the observed decrease affected not only Chymase-positive but also
Tryptase-positive mast cells. Since Tryptase is a potent promoter of angiogenesis, ex-
tracellular matrix remodeling, and fibroblast activation, its reduction suggests attenuation
of several pro-tumorigenic mechanisms in advanced melanoma [20]. Thus, the overall
decline in mast cell numbers may not be limited to the loss of immunosuppressive and
regulatory functions, but could also reflect a broader disruption of stromal support and
microenvironmental integrity. This dual interpretation underscores the functional hetero-
geneity of mast cells and suggests that their role in melanoma progression is more complex
than a simple shift toward or away from immune suppression.

Comparison with the literature confirms the observed trend of decreasing mast cell
density in malignant tumors with high invasiveness. Similar results have been obtained in
studies of mast cells in breast, prostate, and gastrointestinal tumors, where their numbers
and activity varied depending on tumor stage and aggressiveness [21-23]. However, a
number of studies indicate a potential association between high mast cell density at early
stages and a favorable prognosis [24,25].

Further perspectives lie in the study of molecular signaling pathways regulating the
differentiation and migration of mast cells into tumor tissue, such as the SCF/c-Kit axis, as
well as the use of multiplex immunohistochemistry and spatial transcriptomics to identify
functional mast cell subpopulations in the tumor microenvironment [26].

Thus, the observed decrease in mast cell numbers, especially Chymase-positive cells,
at later stages of melanoma may suggest changes in their role during tumor progression and
a possible weakening of their participation in the local immune response. These findings
highlight the need for further research to clarify the functional heterogeneity of mast cells
and to explore their potential role as prognostic biomarkers and therapeutic targets.

This study has certain limitations that should be acknowledged. It relied on histopatho-
logical staging parameters (Breslow thickness, pT, and AJCC stage) as surrogates of disease
progression. Clinical outcome data, such as progression-free survival or overall survival,
were not available, which restricts conclusions regarding prognostic value. These limita-
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tions suggest that our results should be regarded as hypothesis-generating and highlight
the need for larger, prospective studies with integrated survival analyses to further validate
and expand upon our findings.

5. Conclusions

The results of this study suggest that with increasing stages of cutaneous melanoma,
there is a decrease in the number of mast cells both in the intratumoral and peritumoral
zones, with the most pronounced reduction observed in Chymase-positive cells at later
stages of the disease. Importantly, the observed decrease affected not only Chymase-
positive but also Tryptase-positive mast cells. Since Tryptase is a potent promoter of angio-
genesis, extracellular matrix remodeling, and fibroblast activation, its reduction may indi-
cate attenuation of certain pro-tumorigenic mechanisms. Thus, the overall decline in mast
cell numbers could reflect both a weakening of immunosuppressive control and a broader
disruption of stromal support and microenvironmental integrity in advanced melanoma.

These findings highlight the need for further research to clarify the functional hetero-
geneity of mast cells and to explore their potential role as prognostic biomarkers and thera-
peutic targets. Future studies utilizing multiplex immunohistochemistry and progression-
free survival analysis are warranted to better understand the associations between mast cell
subsets and melanoma progression. Such investigations may help to determine whether
the decline in Chymase-positive mast cells is linked to the loss of their immunosuppressive
activity at later stages of the disease and could potentially inform the development of
personalized therapeutic strategies targeting the tumor microenvironment.
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