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A B S T R A C T

Tumor microenvironment plays a crucial role in primary cutaneous melanoma (CM) progression.
Although the role of tumor-infiltrating lymphocyte (TIL) density has been known for a long time,
its spatial distribution and impact with or without tumor-associated macrophages (TAMs) remain
controversial. Herein, we investigated spatial proximity between tumor cells and immune cells in
113 primary CM and its correlation with disease-free (DFS) and overall survival (OS). The study
cohort included clinical stage II (n¼ 79) and stage III (n ¼ 34) primary CMwith a Breslow thickness
of >2 mm (with a median age of 64 years, including 72 men and 41 women). In univariate models,
patients with SOX10þ melanoma cells with high proximity to CD8þ TILs in a 20 mm radius showed
longer DFS (hazard ratio [HR], 0.58; 95% CI, 0.36e0.93; P ¼ .025) and OS (HR, 0.55; 95% CI,
0.32e0.92; P ¼ .023). Furthermore, at multivariate combined analysis, patients with SOX10þ
melanoma cells with high proximity to CD8þ TILs or low proximity to CD163þ TAMs in a 20 mm
radius showed an increased OS (aHR, 0.37; 95% CI, 0.14e0.96; P ¼ .04) compared with melanoma
patients with low proximity to CD8þ TILs or high proximity to CD163þ TAMs. In a subgroup
analysis including 92 patients, a significant negative impact on DFS (aHR, 4.49; 95% CI, 1.73e11.64;
P ¼ .002) and OS (aHR, 3.97; 95% CI, 1.37e11.49; P ¼ .01) was observed in sentinel lymph node
(SLN)-negative patients with a high proximity of CD163þ TAMs to CD8þ TILs. These findings could
help identify high-risk patients in the context of thick melanoma and a negative SLN. Our study
suggests the importance of quantifying not only the density of immune cells but also the individual
and combined relative spatial distributions of tumor cells and immune cells for clinical outcomes
in SLN-negative primary CM patients.
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Introduction

Cutaneous melanoma (CM) is an aggressive disease, and
it is one of the major causes of cancer-related death. About
90% of skin cancer mortality is caused by CMs.1 Accurate
prediction of prognosis is important to determine the need
for further investigations, select appropriate management,
and assign the risk status of melanoma patients.2 In primary
CM, Breslow thickness, ulceration, and sentinel lymph node
(SLN) assessment are considered independent prognostic
factors.3 Recently, accumulating evidence suggested that
melanoma growth is also influenced by the host immune
response and inflammatory cells within the tumor micro-
environment (TME).4 Indeed, the presence of tumor-
infiltrating lymphocytes (TILs) in primary CM has been
associated with a favorable prognosis, and the correlation
between brisk TIL and improved survival of primary CM
patients has been reported in multiple studies.5-9 In
particular, primary CM patients with high-density CD8þ TILs
cells showed more than three times 5-year survival
compared with the low-density group.10 The positive prog-
nostic role of CD8þ TILs has also been confirmed with
digital image analysis quantification as total intratumoral
cell density.11,12

In contrast, the prognostic role of tumor-associated macro-
phage (TAM) infiltration in primary CM remains still unclear.
TME is characterized by a wide range of molecule products both
from malignant and stromal cells, and TAMs respond to this
microenvironmental complexities with a phenotype switch in
M1, classically activated and tumoricidal macrophages, or M2
alternatively activated protumorigenic macrophages.13,14 How-
ever, in primary CM, some studies have observed no prognostic
role,10,15 whereas other studies showed that the numbers of total
TAMs CD68þ and M2 phenotype CD163þ cell quantification
were correlated with unfavorable outcomes, maintaining their
role controversial.14,16,17

Technological advances using digital image analysis tools
allow a precise and reproducible quantitation of immune pop-
ulations within the TME of primary CM.18 To date, there are only
a few studies that applied computational pathology methods to
quantify and characterize the spatial distribution of TIL and TAM
populations in primary CM.11,12,19 The spatial distribution of tu-
mor cells relative to immune cells and the spatial relation be-
tween different immune cells may influence melanoma disease
progression, and additional computational parameters obtained
by spatial proximity analysis could help better stratify the co-
horts of primary CM patients.11,19 The relative spatial proximity
distribution of tumor cells and TILs and TAMs and their associ-
ation with survival in primary CM melanoma remain largely
unexplored.

Herein, we explored for the first time the spatial distribution
of melanoma tumor cells (SOX10þ) and immune CD8þ and
CD163þ cells in primary CM tissues using validated multiplex
brightfield immunohistochemistry (IHC) protocols.20 The rela-
tive spatial distributions were expressed as average distance,
average number, and proximity distribution between tumor
and immune cells. These measurements were quantified and
correlated with clinicopathological characteristics, DFS, and OS.
In particular, we showed a correlation between the proximity of
SOX10þ cells to immune cells, SOX10þ cells proximity within
immune cells (100 and 20 mm radius), indirect proximity, and
relative spatial distribution between CD8þ and CD163þ cells
and clinical outcomes.
2

Materials and Methods

Patient Characteristics

The cohort (n¼ 113) included patients with clinical stages IIeIII
intermediate/thick primary CM with a Breslow thickness of >2
mm diagnosed, treated, and followed up prospectively in four
Italian centers (University of Florence, Florence, Italy; University of
Sassari, Sassari, Italy; University Hospital of Siena, Siena, Italy; and
Papa Giovanni XXIII Cancer Center Hospital, Bergamo, Italy) from
1994 to 2020. The clinical and histopathological parameters
extracted from the database included the following: sex, date of
birth, date of diagnosis of CM, histotype, anatomical site, Breslow
thickness, ulceration, mitotic rate, SLN status, TILs, and follow-up
including the dates of relapse and death. Only primary CM sam-
ples previously classified as TILs brisk or nonbrisk were included
in the study; however, primary CM samples with TILs absent were
excluded.
Tissue Samples

Formalin-fixed paraffin-embedded (FFPE) tissue sections, 3 mm
in thickness, were stainedwith hematoxylin& eosin and reviewed
to confirm the histopathological diagnosis and assess tissue
quality control.
Immunohistochemistry

For SOX10/CD8/CD163 multiplex protocol, sections were
deparaffinized in EZ prep (950-102; Ventana), and antigen
retrieval was achieved with cell-conditioning solution 1 pH 8.2
(950-124; Ventana). Sections were incubated with the following
primary antibodies: anti-SOX10 (#760-4968, rabbit monoclonal,
clone SP267, ready-to-use, Ventana Medical Systems), anti-CD8
(#790-4460, rabbit monoclonal, clone SP57, ready-to-use, Ven-
tana Medical System), and anti-CD163 (#05973929001, mouse
monoclonal, clone MRQ-26, ready-to-use, Ventana Medical
Systems). The signal was developed with antimouse or antirabbit
Alk Phos, and antirabbit HRP was coupled with the following
chromogens: DISC. GREEN HRP Kit (#08478295001, ready-to-
use, Ventana Medical Systems), DISC. YELLOW Kit (#076984
45001, ready-to-use, Ventana Medical Systems), and DISC.
Chromomap RED (#05266653001, ready-to-use, Ventana Medi-
cal Systems). Sections were counterstained with hematoxylin II
(#05277965001, ready-to-use, Ventana Medical Systems).
Image Analysis

Stained tissue sections were digitally scanned at �400
magnification with the Aperio AT2 platform (Leica Biosystems)
into whole slide digital images. Each SVS format file was imported
into HALO Link (Indica Labs) image management system. Two
expert pathologists (D.M., V.M.) drew the image annotations of
the whole surface and margins of primary CM. According to ITWG
recommendations, the whole tumor area was defined as the area
containing invasive tumors, including the invasive tumor borders.
Detection of immune-stained positive cells was performed using
HALO Multiplex IHC analysis software version v3.1.1076.308
(Indica Labs), based on cytonuclear features such as stain in-
tensity, size, and roundness (nuclear contrast threshold 0.453,



Figure 1.
Representative triple-labeling for SOX10/CD8/CD163 of melanoma tissue (A), and counterstain was performed with hematoxylin. Magnification: 200� and 400� (scale bar: 100
and 50 mm). Representative HALO densitometric recognition mask of SOX10/CD8/CD163 expression (B).
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minimum optical nuclear density 0.172, and nuclear segmentation
aggressiveness 0.278, respectively) for CD8, CD163, and SOX10
(Fig. 1A). For absolute density, data were expressed as cellular
density (ie, the number of positive cells divided by the mm2 of the
annotation layer area).

The software automatically excludes melanin pigment and tis-
sue gaps from the analysis, and the settings were set up to include
the full range of staining intensity (from weak to strong; Fig. 1B).
Evaluation of the quality of the analysis performed with HALO
software was obtained by comparing the data calculated auto-
matically and manually by expert pathologists (V.M. and D.M.).
Therefore, regions of interest of 15 mmdiameter in random position
inside the tumor area, on each sample, were considered. For each
region of interest, we evaluated the number of CD8þ, CD163þ, and
SOX10þ cells using both software and manual counting. Obtained
values were used to calculate the SørenseneDice coefficient of
similarity.21 The results reached SørenseneDice coefficients of 0.93
for CD8þ, 0.87 for CD163þ, and 0.73 for SOX10þ cell evaluations.

Proximity analysis was defined as the distance of tumor cells
distributed within a specific radius from the nuclear center of any
given immune cell. We set up the following three different prox-
imity analyses: (i) average distance, the mean distance of all
SOX10-positive cells to CD8 or CD163-positive cells calculated in
all the intratumoral area; (ii) average number, the absolute
number of SOX10-positive cells to CD8- or CD163-positive cells
calculated in all the intratumoral area; and (iii) cells proximity
within 0e20 (mm), the number of SOX10-positive cells to CD8- or
CD163-positive cells calculated in the range of 0e20 mm in all the
intratumoral area normalized for the area (expressed as cells/
mm2). However, the same settings were used for the analyses
between CD8 and CD163 immune cells.

We investigate whether the number of SOX10þ cells within a
specific distance to CD8þ TILs and/or CD163þ TAMswould impact
DFS and OS and within different SLN statuses. Considering pre-
vious studies on melanoma,11,12 we investigated the proximity of
SOX10þ cells within a 0e20 mm radius to any given CD8þ TILs
and/or CD163þ TAMs.
Statistical Analysis

Considering the exploratory design, the sample size was not
based on any statistical considerations, and we included all pa-
tients available at the time of analysis. However, the sample size is
in line with or larger than that of previous studies.11,19,22

Each tumor cell was evaluated as a continuous variable (mean
± SD or median [Q1eQ3]), and then, the high- and low-proximity
3

values were determined based on the median. Therefore, DFS was
defined as the time between diagnosis and disease relapse or
death from any cause (ie, DFS events are the events of relapse or/
and death). Additionally, OS was defined as the time between
diagnosis and death from any cause. Patients who had not expe-
rienced relapse or had not died were censored at the date of their
last follow-up visit. Crude KaplaneMeier log-rank analyses were
performed to determine the associations between cell distances
and DFS or OS. The overall density of SOX10þ and immune cells
and the high and low proximities of SOX10þ cells to immune cells
were determined based on the median distance. The optimal
cutoffs for KaplaneMeier analyses were also determined using the
median.22,23 The independent prognostic values of proximity
were estimated using univariate and multivariate Cox propor-
tional hazard regression models and expressed as hazard ratio
(HR), adjusted HR (aHR), and 95% CI. The multivariate Cox model
was adjusted for Breslow thickness, ulceration, mitotic rate/mm2,
and SLN status. The c2 test of homogeneity and the Mann-
Whitney U test have been used as appropriate. Immune cells
have been also combined using SOX10þ cells in proximity to both
CD8þ TILs and CD163þTAMs. A P value <.05 was considered
statistically significant, as otherwise specified due to Bonferroni
correction. All the datawere analyzed using SPSS software version
26.0 (IBM Corp. SPSS Statistics).
Results

Cohort Characteristics

This study included FFPE of primary CM samples from 113
patients. The median age was 60.5 years (SD 16.8), and 72 patients
(63.7%) were men. Overall, 62 patients (54.9%) relapsed, 60 pa-
tients (53.1%) died, and 71 patients (62.8%) relapsed and died. The
median OS and DFS were 102 months (95% CI, 60.45e143.54) and
46 months (95% CI, 28.01e63.98), respectively. Finally, among 92
patients (92/113, 81.4%) who underwent a SLN biopsy, 38 (41.3%)
were SLN-positive. For 21 patients (21/113; 18.6%), the SLN status
was unknown (Table 1).
Analysis Between Tumoral Cells (SOX10þ) and Immune Cells
(CD8þ TILs and CD163þ TAMs)

Average Distance of Tumor Cells to Immune Cells
Detection of positive cells was performed using HALO Multi-

plex IHC analysis software (Fig. 1A, B). To evaluate whether the



Table 1
Demographic and clinical features of study patients

Patients (n ¼ 113)

Age (y), mean (SD) 60.5 (16.8)

Male sex, n (%) 72 (63.7)

Tumor site, n (%)

Limbs 43 (38.1)

Trunk 55 (47.8)

Head/neck 10 (8.8)

Acral 6 (5.3)

Histotype n, (%)

Superficial Spreading Melanoma 60 (53.1)

Nodular Melanoma 46 (40.7)

Acral Melanoma 6 (5.3)

Lentigo Maligna Melanoma 1 (0.9)

Breslow thickness (mm), mean (SD) 5.2 (4.48)

Mitotic rate/mm2, mean (SD) 8.5 (7.5)

Ulceration, n (%)

Present 84 (74.3%)

Absent 29 (25.7%)

TILs, n (%)

Brisk 19 (16.8)

Nonbrisk 94 (83.2)

SLN status, n (%)

SLN status available, n (%) 92 (81.4)

SLN positivea, n (%) 38 (41.3)

Percentages are on column total if not otherwise specified.
SD, standard deviation; SN, sentinel lymph node; TIL, tumor-infiltrating
lymphocytes.

a On SN status available.
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relative spatial distribution of SOX10þ melanoma cells and
CD8þTILs and CD163þ TAMs could predict prognosis, first, we
calculated the mean distance from melanoma cells to each im-
mune cell (Supplementary Fig. S1A, B). The mean distances of
SOX10þ cells to CD8þ TILs and CD163þ TAMs were 102.57 mm
(±76.2) and 44.05 mm (±26.2), respectively (Supplementary
Fig. S1C). The high and low proximities of SOX10þ cells to im-
mune cells were determined based on the median distance.
Therefore, OS was not influenced by SOX10þ cells high proximity
to CD8þ cells, whereas OS was decreased by SOX10þ cells high
proximity to CD163þ cells (Supplementary Fig. S1D, E; Table S1).
Then, we evaluated SOX10þ cells proximity to both CD8þ and
CD163þ cells (according to median: SOX10þ cells near (high
proximity) or far (low proximity), near to CD8þ and far to CD163þ
cells and vice versa). Although the crude survival distributions of
all groups were not statistically significantly different
(Supplementary Fig. S1F), exploratively pairwise log-rank com-
parisons were conducted. A significantly longer OS was observed
in patients with SOX10þ cells high proximity to CD8þTILs/low
proximity to CD163þTAMs compared with patients with SOX10þ
cells low proximity to CD8þ TILs/high proximity to CD163þ TAMs
expressed as average distances (highelow vs lowehigh, c2 ¼
7.741, P ¼ .005; P < .0125; Supplementary Fig. S1F). Accordingly,
selecting and comparing only the groups that demonstrate sig-
nificant differences in crude KM pairwise analysis, a numerically
longer OS was found in multivariate regression analysis
comparing highelow vs lowehigh (HR, 0.24; 95% CI, 0.08e0.71;
P ¼ .01; and aHR, 0.33; 95% CI, 0.10e1.05; P ¼ .06).

Tumor Cells Proximity From Immune Cells Within 0e20 mm
To investigate the clinical impact of a close melanoma-immune

cell contact, we evaluated the number of SOX10þ cells using a
small radius (0e20 mm) from immune cells (Fig. 2A, B). SOX10þ
cells within 20 mm are quantified as proximity and reported as
4

cells per mm2. The mean SOX10þ cells to CD8þ and CD163þ cells
in 0e20 mmwere 555.11 (605.4) and 1184.21 (850.1), respectively
(Fig. 2C). The high and low proximities of SOX10þ cells to immune
cells were determined based on themedian distance. Intratumoral
absolute density (number of CD8þ, CD163þ, or SOX10þ cells
without range definition) did not recapitulate the proximity
categorization (Supplementary Fig. S2). Indeed, a remarkable
percentage of patients have a discordant pattern considering the
absolute density of immune cells (25.7% and 11.5% for CD163þ and
CD8þ density, respectively) or the absolute density of tumor cells
(43.4% for SOX10þCD163þ and 38.1% SOX10þCD8þ). Therefore,
we calculated DFS and OS using proximity parameters, and then,
we calculated survival with density parameters to evaluate
possible correspondence.

In the proximity analyses, patients with SOX10þ cells high
proximity to CD8þ TILs in a 0e20 mm radius showed longer DFS
and OS (Fig. 2D, F) at univariate but not multivariate analyses
(Table 2). No significant differences for patients with SOX10þ cells
high proximity to CD163 TAMs in a 0e20 mm radius in DFS and OS
(Fig. 2E, G) were observed (Table 2).

The crude survival distributions for the 4 proximity combina-
tions (highehigh, highelow, lowehigh, and lowelow proximity)
were significantly different for DFS (c2 ¼ 8.375, P ¼ .039) and OS
(c2 ¼ 9.939, P ¼ .019; Fig. 2H, I). In the related pairwise compar-
ison, patients with SOX10þ melanoma cells with high proximity
to CD8þ TILs or low proximity to CD163þ TAMs showed longer OS
compared with patients with SOX10þ melanoma cells with low
proximity to CD8þ TILs or high proximity to CD163þ TAMs
(c2 ¼ 7.485, P ¼ .006, Fig. 2I). This influence was also observed in
univariate and multivariate models reported in Table 2. Moreover,
patients with SOX10þ melanoma cells with high proximity to
CD8þ TILs/high proximity to CD163þ TAMs showed longer DFS
compared with patients with SOX10þ melanoma cells with low
proximity to CD8þ TILs/high proximity to CD163þ TAMs at uni-
variate but not multivariate regressions (Table 2). Other survival
distributions were not statistically significant according to pair-
wise P correction (P < .0125) and in Cox regressions.

On the other hand, to strengthen the finding that proximity is
not just a different expression of absolute density, we performed
survival analyses considering the absolute density of SOX10þ,
CD8þ, CD163þ (Supplementary Fig. S3AeF), and the combination
of SOX10þCD8þ or SOX10þCD163 (Supplementary Fig. S4AeD)
that did not recapitulate proximity results, with no significative
results (Supplementary Table S2).
Analysis Between Immune Cells (CD8þ TILs and CD163þ TAMs)

A separate analysis between immune cells performed with the
same analysis setting between SOX10þ cells and immune cells (ie,
average distance, average number, and spatial proximity distri-
bution of tumor cells within 0e20 mm) was carried out.

The average distances of CD8þ from CD163þ cells were 19.15
mm (±11.7) and 54.6 mm vice versa (±42.7; Fig. 3A). The high and
low proximities of CD8þ cells from CD163þ cells and vice versa
were determined based on the median distance.

Therefore, DFS and OS were not significantly reduced in pa-
tients with high proximity of CD8þ TILs to CD163þ TAMs (Fig. 3B;
Table 3). Likewise, in patients with high proximity of
CD163þTAMs to CD8þ TILs, DFS and OS have no definite pattern
(Fig. 3C; Table 3). The average numbers of CD8þ cells within a 100-
mm radius from CD163þ cells or vice versa were 1.39 (0.39) and
7.71 (5.88), respectively (Fig. 3D). However, DFS and OS were
influenced by the average number of CD8þ TILs within a 100-mm



Figure 2.
Representative intercellular spatial distribution in melanoma tissue between SOX10þ cells and CD8þ (A) or CD163þ (B) cells within a 20 mm radius. Counterstain was performed
with hematoxylin.Magnification: 400� (scale bar: 50 mm). Comparison between SOX10þ proximitywithin 20 mmtoCD8þ and CD163þ cells (C), and every dot represents themean
distance of SOX10þ cells to immune cells for each patient. Crude KaplaneMeier survival analyses of SOX10þ to CD8þ proximity within 20 mm (D, F) (c2 ¼ 5.200, P ¼ .023 and log-
rank c2 ¼ 5.301, P¼ .021, respectively) or SOX10þ to CD163þ proximity within 20 mm (E, G) (c2¼ 1.51, P¼ .698 and log-rank c2¼ 1.00, P¼ .316, respectively). Patients were divided
into the high- and low-proximity groups, based on the median values, respectively. Combined SOX10þ cells proximity to both CD8þ and CD163þ cells according to median (high-
and low-proximity groups) (H, I) (c2¼ 8.375, P¼ .039 and log-rank c2¼ 9.939, P¼ .019, respectively). Related pairwise comparison, highelow proximity patients showed longer OS
compared with lowehigh proximity patients (c2 ¼ 7.485, P ¼ .006). P values reflect the comparisons between 2 or 4 (H, I) groups by univariate analysis using the log-rank test.
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Table 2
Cox regression analysis of prognostic factors for disease-free survival and overall survival with SOX10þ proximity to CD8þTILs and CD163þ TAMs in the 0e20 mm radius

Disease-free survival Overall survival

Univariable Multivariable Univariable Multivariable

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

SOX10þ to CD8þ (high vs low) 0.58 (0.36e0.93) .025c 0.78 (0.47e1.31) .35 0.55 (0.32e0.92) 0.02c 0.69 (0.39e1.19) .18

SOX10þ to CD163þ (high vs low) 1.09 (0.68e1.74) .69 1.17 (0.72e1.89) .52 1.29 (0.77e2.15) 0.31 1.45 (0.86e2.45) .15

SOX10þ to combined CD8þ CD163þa

HigheHigh 0.70 (0.38e1.29) .25 0.92 (0.48e1.76) .81 0.76 (0.39e1.47) 0.42 0.99 (0.50e1.96) .97

HigheLow 0.71 (0.34e1.46) .35 0.90 (0.42e1.92) .79 0.57 (0.25e1.31) 0.19 0.65 (0.27e1.52) .35

LoweHigh 1.63 (0.87e3.04) .12 1.48 (0.77e2.81) .23 1.82 (0.93e3.56) 0.07 1.71 (0.87e3.35) .11

SOX10þ to combined CD8þ CD163þb

HigheLow / / / / 0.31 (0.13e0.75) 0.009c 0.37 (0.14e0.96) .04c

HigheHigh 0.44 (0.20e0.93) .03c 0.59 (0.25e1.41) .24 / / / /

Multivariable models adjusted for Breslow thickness, ulceration, mitotic rate, and sentinel lymph node.
a Lowelow used as reference.
b Combining only highelow (OS) or high-high (DFS) and lowehigh (as reference); n ¼ 42.
c Statistically significant.
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radius from CD163þ TAMs (Fig. 3E, G) and vice versa (Fig. 3F, H). In
particular, high average numbers of CD8þ TILs to CD163þTAMs
cells have a positive impact on DFS and OS in univariate but not
multivariate models (Table 3). Inversely, high average numbers of
CD163þ TAMs to CD8 TILs have a significative negative impact on
DFS and OS in univariate but not multivariate models (Table 3).

The mean numbers of CD8þ cells within a 20 mm radius from
CD163þ cells (Supplementary Fig. S5A, B) or vice versa were
329.88 (370.6) and 741.58 (741.4), respectively (Supplementary
Fig. S5C). High proximity of CD8þ cells to CD163þ cells and vice
versa has a not statistically significant impact on DFS and OS
(Supplementary Fig. 5DeG; Table 3).

Regarding absolute intratumoral density, the survival analyses
considering the combination of CD8þ CD163þ density did not
mirror proximity analysis (Supplementary Fig. S4E, F; Table S2).
SLN Subgroup Analysis

A separate exploratory subgroup analysis in SLN-positive
(n ¼ 38) and SLN-negative (n ¼ 54) groups (Table 1) performing
the same analysis between SOX10þ cells and immune cells (ie,
average distance, average number, and spatial proximity distri-
bution of tumor cells within 0e20 mm) found no statistically sig-
nificant results or a definite pattern. On the other hand, assessing
the indirect proximity among CD8þ TILs and CD163þ TAMs, we
demonstrated a significant difference in the average number of
CD8þ cells to CD163þ cells and vice versa for both DFS and OS in
SLN-negative but not in SLN-positive patients. In detail, the
average numbers of CD8þ cells to CD163þ cells and CD163þ cells
to CD8þ cells in 100 mm were 1.28 (0.18) and 8.22 (4.68) in SLN-
positive patients, whereas the average numbers were 1.48 (0.48)
and 6.94 (5.99) in SLN-negative patients, respectively.

A statistically significant difference in OS was found with the
average number of CD8þ cells to CD163þ cells (Fig. 4E) and
CD163þ cells to CD8þ cells (Fig. 4G) within 100 mm in SLN-negative
patients but not in SLN-positive patients CD8þ to CD163þ (Fig. 4F)
and CD163þ cells to CD8þ cells (Fig. 4H). In particular, in SLN-
negative patients, high proximity of CD8þ cells to CD163þ cells
has a positive impact on OS (aHR, 0.24; 95% CI, 0.08e0.67; P¼ .007;
and aHR, 0.21; 95% CI, 0.06e0.63; P¼ .006), whereas high proximity
of CD163þcells to CD8þ cells has a significant negative impact on
OS (aHR, 3.69; 95% CI, 1.31e10.38; P ¼ .01; and aHR, 3.97; 95% CI;
1.37e11.49; P ¼ .01; multivariate adjusted for ulceration, mitotic
6

rate, and Breslow thickness). No significant differences have been
reported in the SLN-positive cohort. Regarding DFS, spatial distri-
butions within 100 mm of CD8þ cells to CD163þ cells (Fig. 4A) or
CD163þ cells to CD8þ cells (Fig. 4C) have a statically significant
positive and negative impact on tumor relapse, respectively, in SLN-
negative patients but not in SLN-positive patients (Fig. 4B, D). In
particular, in SLN-negative patients, high proximity of CD8þ TILs
within 0e100 mm to CD163þTAMs cells have a statistically signifi-
cant positive impact on DFS (HR, 0.27; 95% CI, 0.11e0.68; P ¼ .005;
and aHR, 0.29; 95% CI, 0.11e0.75; P ¼ .01). On the other hand, high
proximity of CD163þcells within 0e100 mm to CD8þ cells have a
significant negative impact on DFS (HR, 4.13; 95% CI, 1.63e10.45;
P ¼ .003; and aHR, 4.49; 95% CI, 1.73e11.64; P ¼ .002).

No differences have been reported for indirect distances be-
tween immune cells in SLN-positive or SLN-negative patients
regarding average distance and spatial proximity distribution
within 0e20 mm of each other.
Discussion

In the present study, we obtained the following 3 main results:
(1) OS was significantly longer in melanoma patients with tumor
cells with high proximity to CD8þ TILs/low proximity to CD163þ
TAMs compared with those with tumor cells with low proximity
to CD8þ TILs/high proximity to CD163þ TAMs in a radius of 0e20
mm; (2) high average number within 100 mm of CD8þ cells to
CD163þ cells had a positive impact on OS, whereas high average
number within 100 mm of CD163þ cells to CD8þ cells had a sig-
nificant negative impact on OS in SLN-negative patients; and (3) in
SLN-negative patients, high average numbers within 100 mm of
CD8þ cells to CD163þ cells or CD163þ cells to CD8þ cells had a
statistically significant positive and negative impact on tumor
relapse, respectively.

The nature of melanoma immune cells relationship requires a
comprehensive understanding of its microenvironmental com-
plexities. In our previous study on absolute density and spatial
distribution of immune cells in intermediate/thick primary CM,12

we demonstrated that high CD8þ TILs density in the intratumoral
area was correlated with a favorable patient outcome on digital
image acquisition and quantitative analysis. Although statistical
significance was not reached for absolute density analysis of CD8þ
and CD163þ cells in these cohorts of patients, the survival results
are in line with the previously published results,12 confirming a



Figure 3.
Comparison between CD8þ to CD163þ or CD163þ to CD8þ average distance, and every dot represents the average distance of CD8þ to CD163þ cells and vice versa for each
patient (A). Crude KaplaneMeier survival analyses of CD8þ to CD163þ average distance (B) (log-rank-c2 ¼ 0.97, P ¼ .323) or CD163þ to CD8þ average distance (C) (log-rank c2 ¼
0.04, P ¼ .827). Comparison between CD8þ to CD163þ or CD163þ to CD8þ average number, and every dot represents the average number within 100 mm of CD8þ to CD163þ
cells and vice versa for each patient (D). Crude KaplaneMeier survival analyses of CD8þ to CD163þ average number (E, G) (c2 ¼ 5.35, P ¼ .021 and log-rank c2 ¼ 4.98, P ¼ .026,
respectively) or CD163þ to CD8þ average number (F, H) (c2 ¼ 8.58, P ¼ .003 and c2 ¼ 9.48, P ¼ .002, respectively). Patients were divided into the high- and low-proximity groups,
based on the median values, respectively. P values reflect the comparisons between 2 groups by univariate analysis using the log-rank test.
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Table 3
Cox regression analysis of prognostic factors for disease-free survival and overall survival between average distance, average number in the 100 mm radius, and proximity
distribution in the 0e20 mm radius of CD8þ TILs to CD163þTAMs and vice versa

Disease-free survival Overall survival

Univariable Multivariable Univariable Multivariable

HR (95% CI) P value aHR (95% CI) P value HR (95% CI) P value aHR (95% CI) P value

Average distancea

CD8þ to CD163þ 1.47 (0.92e2.36) .10 1.31 (0.79e2.17) .28 1.29 (0.77e2.15) 0.32 1.19 (0.68e2.07) .53

CD163þ to CD8þ 0.92 (0.57e1.46) .72 1.32 (0.80e2.19) .26 0.94 (0.56e1.57) 0.82 1.46 (0.83e2.55) .18

Average number in 100 mma

CD8þ to CD163þ 0.57 (0.35e0.92) .023b 0.64 (0.36e1.12) .12 0.55 (0.32e0.93) 0.02b 0.73 (0.41e1.30) .29

CD163þ to CD8þ 2.03 (1.24e3.30) .004b 1.63 (0.97e2.75) .06 2.28 (1.33e3.91) 0.003b 1.69 (0.96e2.97) .06

Proximity in 0-20 mm radiusa

CD8þ to CD163þ 0.80 (0.50e1.28) .35 0.87 (0.53e1.43) .60 0.74 (0.44e1.23) 0.25 0.78 (0.46e1.32) .36

CD163þ to CD8þ 1.15 (0.72e1.83) .55 1.03 (0.62e1.70) .89 1.07 (0.64e1.79) 0.76 1.03 (0.60e1.76) .89

a All parameters are evaluated using high vs low contrast (for average distance high as reference [higher distance], whereas for other parameters low as reference [less
density-proximity]). Multivariable models adjusted for Breslow thickness, ulceration, mitotic rate, and sentinel lymph node.

b Statistically significant.
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tendency of a favorable role of CD8þ cells in patient outcomes.
Here, we used a more precise digital quantitation of the spatial
proximity distribution and relative distance of tumor and immune
cells to predict prognosis in primary CM patients, identifying pa-
tients at a high risk of disease recurrence. We investigated the
spatial proximity distribution of CD8þTILs and CD163þ TAMs and
SOX10þ tumor cells in biopsies from patients with primary CM.
Although proximity distribution analysis was an approximation of
cellular interactions, recently published proximity data11,19 sug-
gested the utility and the potentiality of analyzing spatial prox-
imity distribution of immune cells within SOX10þ tumor cells in
primary CM. Indeed, our results showed that the absolute density
measure did not mirror the proximity results, indicating that
proximity and absolute intratumoral density should be both
evaluated to provide a comprehensive assessment of the tumoral
microenvironment.

Gartrell et al11 demonstrated that high density of CD8þ TILs,
particularly in the stroma, was a favorable indicator, and CD8þ
TILs close spatial proximity to nonproliferating tumor (Ki67�)
cells was correlated with positive patient outcomes. More
recently, an evaluation of CD8þ T cell phenotypes has shown that
high levels of CD39þCD103þPD-1-CD8þ T cells were associated
with improved outcomes for primary CM patients and that the
close proximity of this CD8þ T cell phenotype to tumor cells were
also closely associated with reduced melanoma recurrence.

Our data are in line with the previous findings, by assessing the
proximity using a radius cutoff of 0e20 mm,22 we observed a
prognostic role of CD8þ cells in primary CM. Patients with SOX10þ
cells with high proximity to CD8þ TILs in 20 mm radius had longer
DFS and OS. Furthermore, in combined analyses, OS was increased
in primary CM patients with SOX10þ melanoma cells with high
proximity to CD8þ TILs/low proximity to CD163þ TAMs in a 20 mm
radius comparedwithmelanoma patientswith SOX10þ tumor cells
with low proximity to CD8þ TILs/high proximity to CD163þ TAMs
in both univariate andmultivariatemodels, demonstrating that TILs
and TAMs are both involved. Moreover, it was already demon-
strated that also the indirect proximity between TILs and TAMs can
influence prognosis in primary CM patients.11 Close proximity of
CD8þ TILs to HLA-DR- TAMs was associated with poor survival in
primary CM.11 We demonstrated that DFS and OS were influenced
by the average number of CD8þ TILs within a 100-mm radius from
CD163þ TAMs and vice versa.

M2 macrophage phenotype (CD163þ cells) promotes tumor
growth by releasing growth factors that favor cell proliferation24,25
8

and CD8þ cell exhaustion.25 However, despite this, CD8þ cells in
close contact with malignant cells reduce tumor progression.19 In
this context, our data suggested again the role of M2 TAMs in
reducing the favorable action of CD8þ TILs and the role of CD8þ
cells in limiting the disadvantageous action of CD163 þ cells in
primary CM patients.

Interestingly, when we evaluated separately SLN-positive
and SLN-negative patients, we found that in SLN-negative pa-
tients, high proximity of CD8þ cells to CD163þ cells has a
positive impact on DFS and OS, whereas high proximity of
CD163þcells to CD8þ cells has a significant negative impact on
DFS and OS in SLN-negative patients. These findings could help
identify high-risk patients in the context of thick melanoma
and a negative SLN.

Our study has some strengths and limitations. First, we per-
formed 3 different proximity analyses to better explore TME and
exploratively investigated different approaches to proximity dis-
tribution among different cells. Furthermore, all analyses were
replicated on SNLþ or SNL� patients, and indirect proximity be-
tween immune cells was deeply and extensively investigated. In
addition, the use of brightfield triple immunostain (SOX10/CD8/
CD163 multiplex protocol) and evaluation of whole stains instead
of tissue microarrays allows optimal correlationwith morphology.
Possible limitations of the study are the following: (i) our patient
cohort include only primary CM with a Breslow thickness of >2
mm and represents a relatively small study series with unknown
SLN status in 21 cases. Moreover, a priori calculation of the sample
size or at least its justification can provide robustness to the sur-
vival analyses; (ii) tumor samples include 6 Acral Melanoma and 1
Lentigo Maligna Melanoma, and this reduces the homogeneity of
our patient cohort; (iii) lack of validation in an external inde-
pendent cohort; (iv) a larger panel of immunostains may be
needed to dissect TME complexity and its influence of TME on
patient outcomes; and (v) cells located near the tissue boundaries
promote an edge effect; however, additional analyses, such as
image padding, interpolation, and statistical correction, can
improve the accuracy of the image analysis cell count. Addition-
ally, the lack of data regarding clinical treatments may be a bias for
the survival analysis.

In conclusion, the current study assessed the role of the relative
spatial proximity distribution of melanoma cells and CD8þ TILS
and CD163þ TAMs cells and their prognostic effect in primary CM
patients via multiplex brightfield IHC. Our study underlines the
importance of quantifying not only the absolute density of



Figure 4.
Separate subgroup analysis in SLN-positive and SLN-negative groups of average number within 100 mm. Crude KaplaneMeier survival analyses of CD8þ to CD163þ average
number within 100 mm (A, E) (log-rank c2 ¼ 8.81, P ¼ .003 and log-rank c2 ¼ 8.50, P ¼ .004, respectively) or CD163þ to CD8þ average number within 100 mm (C, G) (log-rank c2 ¼
10.54, P ¼ .001 and log-rank c2 ¼ 6.98, P ¼ .008, respectively) in SLN-negative group. Crude KaplaneMeier survival analyses of CD8þ to CD163þ average number within 100 mm
(B, F) (log-rank c2 ¼ 0.37, P ¼ .54 and log-rank c2 ¼ 0.09, P ¼ .761, respectively) or CD163þ to CD8þ average number within 100 mm (D, H) (log-rank c2 ¼ 0.51, P ¼ .47 and log-rank
c2 ¼ 0.89, P ¼ .345, respectively) in SLN-positive group. Patients were divided into the high- and low-proximity groups, based on the median values, respectively. P values reflect
the comparisons between 2 groups by univariate analysis using the log-rank test.
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immune cells but also the individual and combined relative spatial
proximity distributions and distances.
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