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Abstract

Background: Macrophages are key components of the tumor microenvironment and play a
critical role in melanoma progression. However, the dynamics of different macrophage sub-
sets, particularly CD68* and CD163* populations, in relation to tumor thickness and stage
remain insufficiently characterized. Objective: This study aimed to quantitatively assess in-
tratumoral and peritumoral CD68* and CD163" macrophages in cutaneous melanoma and
to investigate their associations with Breslow thickness, pT stage, and AJCC stage. Methods:
We conducted a retrospective cohort study of 126 patients with cutaneous melanoma (AJCC
stages IA-IIID). Tumor samples were examined histologically and immunohistochemi-
cally for CD68" and CD163" macrophages, and quantitative analysis was performed in
intratumoral and peritumoral regions. Results: This study included 126 patients with cuta-
neous melanoma, ranging in stage from IA to IIID. Histopathological analysis revealed that
melanoma tissues were primarily composed of irregular clusters of atypical melanocytic
cells infiltrating the dermis and subcutaneous fat. Immunohistochemical staining identified
CD68" and CD163* macrophages both within the tumor and in the surrounding stroma.
Macrophage infiltration significantly increased with tumor thickness (Breslow) and pro-
gression to more advanced stages. Specifically, at Breslow thickness <1.0 mm, the mean
number of CD68* macrophages in the intratumoral zone was 29.7 + 4.3 cells, increasing to
70.3 £ 6.4 cells in tumors >4.0 mm. CD163* macrophages showed similar trends, with a
rise from 15.6 & 2.8 cells at <1.0 mm to 39.8 £ 4.6 cells at >4.0 mm in the intratumoral zone.
Additionally, macrophage density was higher in tumors with ulceration, and both CD68*
and CD163" macrophage numbers increased progressively with tumor stage, particularly
in advanced stages. The number of CD68" macrophages at stage IA in the intratumoral
zone was 21.6 £ 3.1 cells and increased to 56.4 + 6.8 cells at stage IIID, while CD163*
macrophages rose from 13.8 & 3.2 cells at stage IA to 36.4 + 4.6 cells at stage IIID. This
suggests that macrophage infiltration, particularly CD163" cells, correlates with melanoma
progression. Conclusions: Our findings highlight distinct spatial and phenotypic patterns
of macrophage infiltration in melanoma progression. The prominent increase in CD68*
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and CD163*macrophages suggests their important role in tumor-associated immunomodu-
lation. Further studies are warranted to elucidate macrophage polarization states and their
prognostic and therapeutic implications in melanoma.

Keywords: melanoma; macrophages; TAMs; M1 and M2 phenotypes; CD68; CD163

1. Introduction

Melanoma is one of the most aggressive types of malignant skin tumors, accounting
for approximately 20% of all cases [1]. Over the past 50 years, its incidence has increased
significantly, primarily among fair-skinned populations, especially in developed countries
where ultraviolet (UV) radiation is the main risk factor [2]. The highest prevalence is
observed in North America, Europe, and Australia, whereas in Asia, Africa, and Latin
America, melanoma is less common but associated with higher mortality rates due to
delayed diagnosis [3]. In recent decades, melanoma-related mortality has been declining,
largely due to improvements in treatment strategies and earlier detection [4].

Cutaneous melanoma is considered an immunogenic tumor, which is histologically
characterized by a dense peritumoral infiltrate that, together with the surrounding stroma,
constitutes the tumor microenvironment (TME) [5]. The cellular composition of the TME is
heterogeneous and includes fibroblasts, immune cells, adipocytes, vascular endothelial cells,
and others. These cells interact with atypical melanocytes, with each other, and with compo-
nents of the extracellular matrix through secreted proteins (such as matrix metalloproteinases)
and growth factors (such as transforming growth factor-3, epidermal growth factor, etc.) [6-8].
Among these cellular players, tumor-associated macrophages are of particular interest due to
their prominent role in melanoma tumor development and progression.

Cutaneous melanoma comprises several histological subtypes that differ in frequency,
clinical presentation, and molecular background. The most common variant is superficial
spreading melanoma (SSM), reported in approximately 66-78% of cases, followed by nodu-
lar melanoma (NM), which accounts for about 14-15%, and acral lentiginous melanoma
(ALM), observed in 15-20% of patients in certain populations, particularly in Latin America
and Asia [9,10]. In addition, uncommon variants collectively account for less than 10% of
melanomas, including desmoplastic, spitzoid, nevoid, amelanotic, and other rare subtypes,
which often present diagnostic challenges due to their atypical morphology and clinical
features [11]. These subtypes are also characterized by distinct genetic alterations that drive
tumorigenesis. Mutations of the BRAF gene are the most frequent, detected in approximately
38.5% of melanomas, while NRAS mutations occur in about 16.4% and KIT mutations in
around 10% of cases. BRAF mutations are most commonly associated with superficial spread-
ing melanoma and tumors located on the trunk, whereas NRAS mutations correlate with
nodular melanoma and extremity localization. KIT mutations, although less frequent, are
typically observed in acral and mucosal melanomas [12]. The identification of these driver mu-
tations has important clinical relevance, as they contribute to tumor initiation and progression
and serve as potential therapeutic targets in precision oncology.

Macrophages within the tumor microenvironment of cutaneous melanoma comprise
two major subpopulations with opposing functions. Inmunohistochemical analysis using
CD68 and CD163 markers enables the identification of pro-inflammatory M1 macrophages
(CD68* /pSTAT1*) and immunosuppressive M2 macrophages (CD68* /CD163") [13]. Stud-
ies of the melanoma tumor microenvironment consistently demonstrate a marked predom-
inance of the M2 phenotype, whereas M1-positive cells are relatively scarce. Notably, a
high density of M2 macrophages correlates significantly with poor prognosis, underscoring
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the critical role of the balance between M1 and M2 macrophage subpopulations in the
progression of cutaneous melanoma [14].

Despite significant progress in understanding the role of macrophages in cutaneous
melanoma, the quantitative characteristics of CD68* and CD163" cells at different stages
of the disease remain insufficiently studied. In particular, the dynamics of macrophage
infiltration across stages I-11I, in the absence of distant metastases, require further clarifica-
tion. This study aims to address this gap by providing a comprehensive analysis of CD68*
and CD163" macrophages in cutaneous melanoma stages I-III, which may be critical for
elucidating the mechanisms of tumor progression.

2. Material 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 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 International 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 126 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
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, IIA, 1IB, IIC, IIIA, IIIB, IIIC, and IIID according to the AJCC 8th edition classification.

Patients were eligible for the study if they had histologically confirmed cutaneous
melanoma of AJCC stages IA-IIID without distant metastases (MO0). Eligible histological
subtypes included superficial spreading melanoma (ICD-O: 8743 /3), nodular melanoma
(ICD-0: 8721/3), and desmoplastic melanoma (ICD-O: 8745/3). Only patients with pre-
served functional status (ECOG 0-1) were included.

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

2.3. Histologic Research

Serial 2 um thick sections were obtained from archival paraffin-embedded tissue
blocks of melanoma. Sections were stained with hematoxylin and eosin (H&E). Histological
analysis was performed using a Leica DM2000 light microscope with microphotogra-
phy capabilities (Leica Microsystems, 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-CD68 (Abcam, Cambridge Biomedical Campus, Cambridge,
UK; ab303565, dilution 1:1000) and anti-CD163 (Abcam, Cambridge Biomedical Campus,
Cambridge, UK; ab182422, dilution 1:500). For secondary antibody detection, the HiDef
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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. Positive controls: Spleen tissue—rich in macrophages—was used for CD68,
while tonsil tissue, known for strong macrophage staining, served as the positive control
for CD163. Negative controls: Serial sections of tumor were stained using isotype-matched
control antibody.

2.5. Morphometric Study

The quantification of CD68" and CD163* macrophages was performed by counting
tumor buds in hotspot areas. The assessment was carried out on immunohistochemically
stained tissue sections. Initially, areas with the highest macrophage density were identified
by scanning the slides at low magnification (x40-100) using QuPath version 0.5.1 (Belfast,
Northern Ireland, UK) [15]. 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. Macrophages were counted in both intratumoral regions and the peritumoral
stroma. Images were acquired at x400 magnification using QuPath V0.5.1, and the number
of CD68* and CD163™ cells in each hotspot was recorded. The final macrophage count
for each sample was calculated as the average across all selected hotspots. Macrophages
located near necrotic areas were excluded from the analysis. In cases of melanin deposition,
CD68" and CD163" macrophages were evaluated based on their cellular and nuclear
morphology. For subsequent analyses, tumor thickness was stratified according to the
Breslow scale using the cut-off points defined in the AJCC 8th edition (<0.8-1.0 mm,
>1.0-2.0 mm, >2.0-4.0 mm, and >4.0 mm), which are clinically relevant for prognosis and
widely applied in melanoma studies.

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, New York, NY, USA). The Shapiro-Wilk test was used to assess the normality
of data distribution. A p-value > 0.05 was considered indicative of a normal distribution.
Since the data did not follow a normal distribution, intergroup comparisons of quantitative
variables were conducted using the non-parametric Mann-Whitney U test. Data in tables
are presented as median and interquartile range (Me [Q1-Q3]). A p-value < 0.05 was
considered statistically significant. Data visualization in the form of violin plots was carried
out using in BioRender.com.

3. Results
3.1. Characteristics of Patients

Patient characteristics and clinicopathological data are presented in Table 1. The study
included 126 patients with a mean age of 64.2 & 6.8 years. The predominant histo-logical
type was nodular melanoma, and the most common tumor localization was the lower
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extremities (47 cases). AJCC staging ranged from stage IA to IIID, with the highest number
of patients classified as stages IIIA-IIID.

Table 1. Clinicopathological Characteristics of the Patients.

Characteristic Rate
Age 29-88 years
Average age 64.2 1= 6.8 years
Gender
Male 55
Female 71
Histologic type
Superficial spreading melanoma 46
Nodular melanoma 69
Desmoplastic melanoma 11

Breslow thickness

<0.8-1.0 mm 32
>1.0-2.0 mm 28
>2.0-4.0 mm 35
>4.0 mm 31
Clark level of invasion

I 16

1I 25

I 24

v 49

\Y 12

Localization of primary melanoma
Head and neck 19
Trunk 31
Upper extremities 29
Lower extremities 47
pT

pTla 23

pTlb 9

pT2a 20

pI2b 8

pT3a 21

pT3b 14

pT4a 17

pT4b 14

IA 23

1B 10
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Table 1. Cont.

Characteristic Rate
A 12
1B 14
Inc 14
1A 17
1113] 17
ic 17
111D 2

3.2. Histological Patterns

All tumor samples from the study cohort (n = 126; 100%) demonstrated histopatho-
logical features consistent with cutaneous melanoma (Figure 1). The neoplastic tissue was
predominantly composed of irregular nests, sheets, or fascicles of atypical melanocytic
cells infiltrating the dermis, often with extension into the subcutaneous fat. The tumor
architecture was variably nodular or diffuse, depending on the histological subtype.

Figure 1. Patient A, female, 61 years. Invasive melanoma, 8743 /3—superficial spreading subtype,
Breslow thickness 0.9 mm (pT1b). (A)—histoscan; (B)—tumor, magnification x200; (C)—peritumoral
tissue, magnification x200. Staining: hematoxylin and eosin.

The majority of tumor cells exhibited marked cytological pleomorphism. Cells dis-
played oval, polygonal, or spindle-shaped morphology, with scant to moderate eosinophilic
cytoplasm. In many cases, the cytoplasm contained coarse brown pigment granules con-
sistent with melanin. The nuclei were enlarged, hyperchromatic, and often irregular in
contour, with prominent nucleoli noted in a substantial proportion of tumor cells.

The tumor stroma was variably fibrotic and frequently showed moderate peritumoral
and intratumoral inflammatory infiltrates composed of lymphocytes, plasma cells, and
scattered histiocytes. Occasional eosinophils and neutrophils were also present. Areas of
intercellular edema, vascular congestion, and focal coagulative necrosis were identified in
some samples, particularly in larger or more deeply invasive tumors.
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Ulceration of the overlying epidermis was observed in a subset of cases, often ac-
companied by reactive epidermal hyperplasia at the periphery. Mitotic figures, including
atypical mitoses, were readily identified in most tumors, with a mitotic index varying by
stage and histological subtype.

Histological staging according to AJCC 8th edition ranged from early superficial
involvement (stage IA) to deeply invasive lesions with satellitosis or in-transit metastases
(stage IIID). In lower-stage tumors (e.g., stage IA-IIB), the neoplastic process was largely
confined to the dermis, whereas advanced-stage tumors (e.g., stage IIIC-I1ID) demonstrated
extensive infiltration into the subcutis, vascular or lymphatic invasion, and in some cases,
involvement of adjacent structures.

3.3. Immunohistochemical Assay

Immunohistochemical staining revealed the presence of CD68* and CD163" macrophages
in both intratumoral and peritumoral compartments of cutaneous melanoma samples. These
cells were predominantly observed as scattered single elements or small clusters, with a
tendency to accumulate in areas of dense tumor cell infiltration and stromal remodeling.

CD68" macrophages exhibited moderate to strong cytoplasmic immunoreactivity,
often with irregular contours (Figure 2). Their nuclei were oval to polygonal, with vari-
able chromatin patterns and occasional nucleoli. CD163" macrophages displayed a more
rounded or spindle-shaped morphology, with distinct membrane-associated staining and
smaller, more uniform nuclei (Figure 3).

Macrophage infiltration was detected both within the tumor parenchyma (intra-
tumoral localization) and in the adjacent stromal tissue (peritumoral localization). The
peritumoral zone often showed a higher density of CD163* cells, while CD68* macrophages
were more evenly distributed across both compartments.

In contrast, in the adjacent non-tumorous skin, only isolated CD68* macrophages were
observed in the dermis, mostly around blood vessels or hair follicles. CD163* macrophages
in these regions were rare or absent.

Figure 2. Patient O, male, 52 years. Invasive melanoma, 8743/3 superficial spreading subtype,
Breslow thickness 0.4 mm (pTla). (A)—histoscan; (B)—intratumoral tissue, magnification x400;
(C)—peritumoral tissue, magnification x400. Immunohistochemical reaction with antibodies to CD68.
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Figure 3. Patient O, male, 54 years. Invasive melanoma, 8743 /3 superficial spreading subtype, Breslow
thickness 0.4 mm (pT1a). (A)—histoscan; (B)—intratumoral tissue, magnification x400; (C)-peritumoral
tissue, magnification x400. Immunohistochemical reaction with antibodies to CD163.

3.4. Quantitative Analysis of Cd68* and Cd163* Macrophage Infiltration According to
Breslow Thickness

An analysis of macrophage infiltration in cutaneous melanoma based on tumor thick-
ness according to the Breslow scale revealed a clear trend toward an increase in both
intratumoral and peritumoral numbers of CD68* and CD163" macrophages with tumor
progression. The mean quantitative values of macrophages in the corresponding zones are
presented in Figure 4.

90

<0.8-1.0 mm >1.0-2.0 mm >2,0-4.0 mm >4.0 mm

=8=— [ntratumoral CD68-cells =8 Peritumoral CD68-cells

A
Figure 4. Cont.
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=@=[ntratumoral CD163-cells =@==Peritumoral CD163-cells

B

Figure 4. The number of macrophages depending on the thickness according to Breslow (p < 0.05):
(A)—CD68-cells; (B)—CD163-cells.

Specifically, when tumor thickness was less than 1.0 mm (<0.8-1.0 mm), the average
number of intratumoral CD68* macrophages was 29.7 £ 4.3 cells, whereas at a thickness
greater than 4.0 mm, this value increased to 70.3 & 6.4 cells. In the peritumoral zone, the
respective values were 36.4 &+ 3.6 and 75.1 & 7.2 cells.

A similar dynamic was observed for CD163* macrophages. In the intratumoral area,
tumors with a thickness of <1.0 mm showed a mean of 15.6 & 2.8 CD163" cells, which
increased to 39.8 & 4.6 cells in tumors >4.0 mm thick. The peritumoral compartment
showed an even more pronounced increase from 9.3 &= 2.1 t0 59.6 £ 7.3 cells.

Thus, with increasing Breslow thickness, there is a consistent rise in macrophage infil-
tration both within the tumor mass and in the surrounding stroma. CD68* macrophages
show higher absolute counts, whereas CD163* macrophages—particularly in the peritu-
moral region—exhibit a more pronounced relative increase.

3.5. Quantitative Analysis of Cd68* and Cd163" Macrophage Infiltration According to Pt Stage

Comparison of macrophage infiltration levels across different pT stages of cutaneous
melanoma revealed a consistent upward trend in both intratumoral and peritumoral CD68*
macrophage counts as the tumor stage advanced (Figure 5). This increase was particularly
pronounced at stages associated with ulceration (pT1b, pT2b, pT3b, and pT4b), suggesting
that intratumoral macrophage accumulation is closely linked with more aggressive tumor
behavior. Although peritumoral macrophage density also increased progressively with pT
stage, this parameter appeared to be less sensitive to the presence of ulceration, further
emphasizing the potential prognostic relevance of intratumoral macrophage infiltration.

For CD68* macrophages, the average number of cells in the intratumoral area in-
creased from 25.3 £ 3.1 at stage pTla to 59.8 £ 6.3 at stage pT4b, with a particularly steep
rise between stages pT2a and pT4b. In the peritumoral zone, the count rose from 30.7 & 3.2
at pTlato 68.2 £ 6.4 at pT4b.

A similar trend was observed for CD163* macrophages. In the intratumoral com-
partment, the average number of CD163" cells increased from 14.7 & 2.6 at stage pTla to
35.3 £ 4.8 at stage pT4b, with a particularly steep rise occurring between stages pT2a and
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pT4b. Peritumoral infiltration of CD163* cells showed an even more pronounced dynamic,
ranging from 10.3 & 1.6 cells at pTla to 63.4 £ 6.1 at pT4b.

These data highlight not only the correlation between macrophage infiltration and tumor
progression but also the more robust relative increase in CD163* cells in the peritumoral area.

100

90

pTla pTlb pl2a pT2b pT3a pT3b pT4a pT4b

—e—Intratumoral CD6S-cells  —e— Peritumoral CD6S-cells
(A)
80
70
60
50
40
30
20

10

pTla pT1b pT2a pT2b pT3a pT3b pT4a pT4b
—=@=ntratumoral CD163-cells =@=Peritumoral CD163-cells

(B)

Figure 5. The number of macrophages depending on the pT stage (p < 0.05): (A)—CD68-cells;
(B)—CD163-cells.

3.6. Quantitative Analysis of Cd68* and Cd163* Macrophage Infiltration According to Ajcc Stage

Analysis of macrophage infiltration in relation to the American Joint Committee on
Cancer (AJCC, 8th edition) staging system revealed a general trend of increasing CD68*
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macrophage density in both intratumoral and peritumoral compartments as melanoma
progressed (Figure 6). In early-stage disease (IA-IB), macrophage infiltration was moderate,
with a predominance of peritumoral accumulation. During stage II, a marked increase was
observed in both compartments, with intratumoral CD68" macrophage counts peaking
at stage IIC. Interestingly, a decline in intratumoral CD68" macrophage numbers was
observed at the transition to stage III (notably at IIIA), despite a continued increase in
peritumoral macrophage density. At later substages of stage III (IIIC-IIID), macrophage
numbers in both zones began to rise again, approaching or even surpassing the earlier peak
values noted at stage IIC.

120
100
80
60

40

IA IB ITA I1B I1C ITIA I1IB IIC 11D

=@=[ntratumoral CD68-cells =@==Peritumoral CD68-cells

(A)

IA IB ITIA IIB IIC IITA I11B IIIC 11D
=@=ntratumoral CD163-cells ==@==Peritumoral CD163-cells

(B)

Figure 6. The number of macrophages depending on the AJCC stage (p < 0.05): (A)—CD68-cells;
(B)—CD163-cells.

For CD68* macrophages, the average count in the intratumoral compartment increased
from 21.6 & 3.1 cells at stage IA to 56.4 & 6.8 cells at stage IIID, with a peak at stage IIC
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(60.3 = 6.2 cells). However, a slight decline was observed at stage IIIA (45.7 £ 6.3 cells),
despite a continued increase in peritumoral density. In the peritumoral zone, CD68*
macrophages showed a steady rise from 28.2 4 3.2 cells at stage IA to 71.3 &+ 7.4 cells at
stage 111D, with the most significant increase between stages IIB and IIC (from 35.4 £ 4.2 to
61.7 & 6.3 cells).

A comparable yet distinct pattern was seen for CD163* macrophages. In the intra-
tumoral region, CD163* cells steadily increased from 13.8 & 3.2 cells at stage IA to a
maximum of 36.4 & 4.6 cells at stage IIID. However, a mild decline was recorded at stage
IITA (15.6 £ 2.5 cells) before rising again at stages IIIC and IIID. In the peritumoral region,
the CD163" cell count demonstrated a more pronounced and sustained increase, from
10.7 £ 2.4 cells at stage IA to 61.5 £ 4.2 cells at stage IIID, with a particularly steep rise
during stage II (from 12.4 4= 2.7 to 52.8 £ 4.8 cells), peaking at stage IIC (61.4 £ 4.3 cells),
and maintaining consistently high values through advanced stage III.

These findings indicate a progressive enrichment of both CD68* and CD163*
macrophages with increasing AJCC stage, with CD163* cells—especially in the peritu-
moral region—showing a strong and continuous association with advanced disease.

4. Discussion

This study aimed to quantitatively assess CD68* and CD163" macrophages in the
intratumoral and peritumoral stroma of cutaneous melanoma at different stages of the
disease. The results confirmed a consistent trend toward increased macrophage infiltration
in both compartments as the tumor progressed. This was clearly observed in the analyses
stratified by Breslow thickness, pT stage, and AJCC staging.

One of the key findings was the more pronounced increase in the number of intra-
tumoral macrophages at stages characterized by ulceration (pT stages with the “b” index).
This may suggest a potential association between melanoma ulceration and the activation
of local inflammatory responses, accompanied by enhanced macrophage migration into the
tumor mass [16]. At the same time, peritumoral macrophages showed a more gradual but
steady increase, less directly associated with ulceration. This may be due to the fact that
peritumoral macrophages are located outside the main tumor mass, within the surrounding
stromal tissue, where their recruitment is likely driven by chronic inflammation, tumor
invasion, and stromal remodeling, rather than by acute damage related to ulceration [17].

An interesting feature was the decrease in intratumoral macrophage counts during
the transition from stage II to stage III according to the AJCC classification. This decline
may reflect the fact that in stage IIl melanoma, despite the presence of regional metastases,
the depth of dermal invasion is often less than that seen in stages IIB-IIC. Nonetheless,
peritumoral macrophage infiltration continued to increase, potentially reflecting a com-
pensatory or protective response aimed at limiting lymphatic dissemination [18]. This
pattern highlights the importance of spatial analysis of tumor-associated inflammation in
the assessment of prognostic factors and mechanisms of melanoma progression.

Our data are consistent with several previous studies that have demonstrated a pos-
itive correlation between macrophage density and tumor thickness, level of invasion,
and stage of disease [19,20]. Moreover, our emphasis on differentiating macrophages by
their spatial localization provided a more nuanced understanding of the inflammatory
component of the tumor microenvironment.

Analysis of CD163" macrophage infiltration revealed similar trends. Both intra-
tumoral and peritumoral CD163" macrophage counts increased with advancing tumor
stage, with the most pronounced relative increase observed in the peritumoral compartment.
This suggests that the accumulation of M2-polarized macrophages may be particularly
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relevant in the tumor periphery, potentially contributing to immune evasion and promoting
a microenvironment favorable to tumor invasion and metastasis [21].

Given that CD163 expression is considered a reliable marker of M2-polarized
macrophages—associated with immunosuppressive and tumor-promoting activity—
further investigation into the role of these cells in melanoma progression is of signifi-
cant scientific and clinical interest [22]. In particular, the concurrent use of additional
polarization markers, such as CD206, may enable more accurate identification of TAM
(tumor-associated macrophage) subtypes and help clarify their contribution to microenvi-
ronment remodeling, suppression of anti-tumor immune responses, and the development
of prognostic models [23].

Several recent studies further highlight the complex role of tumor-associated
macrophages (TAMs) in melanoma. Salmi S. et al. demonstrated that high CD68*
macrophage density in tumor nests and low stromal CD163" proportions were associated
with recurrence and poor survival, emphasizing the importance of TAM localization [19].
Tremble et al. reported a close link between TAM infiltration and angiogenic signaling,
particularly via VEGF, suggesting that TAMs promote vascular remodeling and tumor
progression [24]. Similarly, Lee et al. showed that CD163, but not CD68, correlated with
VEGF and COX—2 expression, and that high CD163 expression was independently associ-
ated with deeper Breslow thickness, advanced stage, and worse survival [25]. Finally, De
Logu et al. identified a mechanistic connection between CD163* TAM infiltration, oxida-
tive stress, and TRPA1 activation in melanoma cells, showing that TAM-derived ROS can
amplify oxidative stress signaling and thereby enhance tumor progression [26]. Together,
these findings support our results and underline the need for more detailed analyses of
TAM subsets, their microanatomical distribution, and functional interactions with other
components of the tumor microenvironment.

Thus, the macrophage infiltration dynamics identified at different stages of cutaneous
melanoma progression confirm the importance of this cell population in the pathogenesis of
the disease. These results may serve as a foundation for future studies aimed at developing
immunotherapeutic approaches targeting the macrophage compartment of the tumor
microenvironment.

This study has several strengths, including a relatively large and well-characterized
cohort of melanoma patients, the use of standardized immunohistochemical methods, and
a quantitative assessment of macrophage infiltration in both intratumoral and peritumoral
compartments. The spatially resolved approach allowed us to distinguish different patterns
of CD68* and CD163" macrophage distribution across Breslow thickness, pT stage, and
AJCC stage. Importantly, our results also provide an opportunity for a comparative analysis
of the relative abundance of macrophages with M1- and M2-like phenotypes at different
stages of melanoma progression, thereby contributing to a better understanding of their
potential roles in tumor development.

However, certain limitations should be acknowledged. The retrospective design and
single-center nature of the study may limit the generalizability of our findings. Our study
was based on the use of CD68 and CD163 as markers of macrophages, which are widely
applied in clinical and research practice. Nevertheless, future studies would benefit from
the application of more advanced histological and imaging techniques, such as fluorescent
or multiplex immunohistochemistry, with additional markers including pSTAT1, INOS,
CD80, and CD86, in order to obtain a more detailed characterization of macrophage
subpopulations in melanoma.
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5. Conclusions

The results of this study demonstrate a clear increase in both CD68* and CD163*
macrophage infiltration in cutaneous melanoma tissues as tumor thickness and stage progress.
Notably, CD163" macrophages showed a pronounced relative increase, especially in the peri-
tumoral stroma, suggesting their significant role in tumor microenvironment remodeling. The
higher intratumoral macrophage density observed in ulcerated melanoma stages highlights a
potential link between local inflammatory response and tumor aggressiveness.

Further investigations incorporating macrophage polarization markers and spatial profil-
ing techniques are necessary to better understand the functional roles of distinct macrophage
subsets in melanoma progression. Additionally, longitudinal studies correlating macrophage
infiltration with patient outcomes will be essential for validating these immune cells as
prognostic markers and potential targets for immunotherapeutic interventions.
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