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Simple Summary: Bright-field (BF) immunohistochemistry (IHC) remains the gold standard for
histopathological evaluations. The development of new BF multiplex IHC could be very useful for
the study and characterization of the tumor microenvironment (TME) in melanoma samples. We
herein compared different BF IHC multiplex protocols for the study of TME in primary cutaneous
melanoma tissues and offered the best optimized protocol for visualization and evaluation. These
methodologies are studied to maximize the quality of staining considering the tissue characteristics
under examination, maintaining a high level of standardization and reproducibility.

Abstract: The tumor microenvironment (TME) plays a crucial role in melanoma development, pro-
gression and response to treatment. As many of the most relevant TME cell phenotypes are defined
by the simultaneous detection of more than two markers, the bright-field (BF) multiplex immunohis-
tochemistry (IHC) technique has been introduced for the quantitative assessment and evaluation of
the relative spatial distances between immune cells and melanoma cells. In the current study, we
aimed to validate BF multiplex IHC techniques in the Ventana Discovery Ultra Immunostainer to be
applied to the evaluation of the TME in variably pigmented melanoma tissues. The BF multiplex
IHC staining was performed using different combinations of six immune-cell markers—CD3, CD4,
CD8, CD20, CD68 and CD163—and the melanoma cell marker SOX10. Our results show that the BF
double IHC Yellow/Purple protocol guarantees the maximum contrast in all the cell populations
tested and the combination SOX10 (Green), CD8 (Yellow) and CD163 (Purple) of the BF triple IHC
protocol ensures the best contrast and discrimination between the three stained cell populations.
Furthermore, the labeled cells were clearly distinct and easily identifiable using the image analysis
software. Our standardized BF IHC multiplex protocols can be used to better assess the immune
contexts of melanoma patients with potential applications to drive therapeutic decisions within
clinical trials.

Keywords: melanoma; bright-field multiplex immunohistochemistry; tumor microenvironment

1. Introduction

Melanoma is one of the major causes of cancer-related death, and its incidence is in-
creasing worldwide [1]. The immune system plays a crucial role in melanoma development
and progression [2,3]. The evaluation of the TME can help to understand the mechanisms
of response and resistance to immunotherapy, target therapy and guide clinical decisions
for the individual patient.

Standard single chromogenic IHC has been applied to immune contextual evaluation
in melanoma tissues as part of retrospective studies or exploratory analyses [4–6], mostly
focusing on the prognostic and predictive impact of the density and distribution of immune
cells, including tumor-infiltrating lymphocytes (TILs) and tumor-associated macrophages
(TAMs) [7–14]. In the clinical workflow, inflamed (“hot”) melanomas show a high number
of CD8+ T cells in the stromal compartment and within the tumor parenchyma, while
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non-inflamed “cold” melanomas are characterized by a scarce immune infiltrate, either as
an immune desert or excluded pattern [15].

Although most pathologists are familiar with the semiquantitative assessment of
immune cells by singleplex IHC, rough estimations must be annotated for consecutive
tissue formalin-fixed and paraffin-embedded (FFPE) sections, making it difficult to compare
cells to each other in limited tissues and impairing the interobserver reproducibility. The
colocalization of cells of interest (at both the tumor center and invasive margin compart-
ments) in the same section and evaluation of the relative distances between immune and
tumor cells by spatial proximity analysis can provide more robust and clinically useful
information [15–17].

Multiplex immunofluorescence (IF) staining allows the simultaneous or sequential
detection of multiple markers in a single FFPE tissue section [18], and research discovery
investigations have adopted different IF workflows, platforms and configurations. How-
ever, the use of IF in pigmented specimens in the routine clinical setting and confidence in
their diagnostic use remain critical due to the high costs, long turnaround times, lack of
standardized methods and technical challenges (including autofluorescence and crosstalk
between different fluorophores with overlapping emission spectra) [19–21].

In contrast, bright-field (BF) multiplex IHC has been introduced to simultaneously
visualize up to eight markers labeling different cell populations on the same section [22].
In recent years, in addition to stains already available (Silver, Purple, Blue, Yellow, RED
and DAB), new colors such as Green and Teal have been introduced. However, there is
currently limited knowledge on the best optimal combination and visual interpretation in
variably pigmented melanoma tissues.

The purpose of this study was to validate BF multiplex IHC techniques in the Ventana
Discovery Ultra Immunostainer that could allow the better standardization of TME assess-
ment and increase confidence in the visual recognition of multiple markers in melanoma
tissue specimens for clinical adoption and implementation.

2. Materials and Methods
2.1. Tissue Samples

FFPE primary cutaneous melanoma tissue sections (n = 20) 3 µm in thickness were
obtained from paraffin blocks retrospectively selected from the Archive of the Section of
Pathology, Department of Health Sciences, University of Florence, Florence, Italy.

2.2. Immunohistochemistry

TME characterization was performed by evaluating different BF multiplex IHC stain-
ing using different combinations of 6 immune-cell markers (CD3, CD4, CD8, CD20, CD68
and CD163) and a melanoma-specific cell marker (SOX10). Immunohistochemistry was
performed on representative FFPE whole tumor sections 3 µm thick. We tested and val-
idated the following BF multiplex IHC protocols: CD3/CD20, CD4/CD8, CD68/CD163
and CD163/CD8/SOX10. For all the BF multiplex protocols, sections were deparaffinized
in EZ prep (#950-102; Ventana), and antigen retrieval was achieved by incubation with cell-
conditioning solution 1 (#950-124; Ventana), a Tris ethylenediaminetetraacetic acid-based
buffer (pH 8.2). Sections were incubated with the following primary antibodies: anti-CD3
(#790-4341, rabbit monoclonal, clone 2GV6 ready to use, Ventana Medical System, Tucson,
AZ, USA), anti-CD4 (#790-4423, rabbit monoclonal, clone SP35, ready to use, Ventana
Medical System, Tucson, AZ, USA), anti-CD8 (#790-4460, rabbit monoclonal, clone SP57,
ready to use, Ventana Medical System, Tucson, AZ, USA), anti-CD20 (#760-2531, rabbit
monoclonal, clone L26, ready to use, Ventana Medical Systems, Tucson, AZ, USA), anti-
CD68 (#05721679001, mouse monoclonal, clone PGM1, ready to use, Diagnostic BioSystem,
Pleasanton, CA, USA), anti-CD163 (#760-4437, mouse monoclonal, clone MRQ-26, ready
to use, Ventana Medical Systems, Tucson, AZ, USA), and anti-SOX10 (#760-4968, rabbit
monoclonal, clone SP267, ready to use, Ventana Medical Systems, Tucson, AZ, USA). Each
denaturation step was performed by treating the slides with Ultra CC2 (#950-223, ready
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to use, Ventana Medical Systems, Tucson, AZ, USA) for 8 min. at 100 ◦C. The signal was
developed with anti-mouse or anti-rabbit Alk Phos (AP) and anti-mouse or anti-rabbit
HRP coupled with the following chromogens: DISC. PURPLE Kit (#760-229, ready to use,
Ventana Medical Systems, Tucson, AZ, USA), DISC. GREEN HRP Kit (#760-271, ready to
use, Ventana Medical Systems, Tucson, AZ, USA), DISC. YELLOW Kit (#760-239, ready to
use, Ventana Medical Systems, Tucson, AZ, USA), Chromomap RED (#760-160, ready to
use, Ventana Medical Systems, Tucson, AZ, USA) and Chromomap DAB (#760-159, ready
to use, Ventana Medical Systems, Tucson, AZ, USA). The sections were counterstained with
Hematoxylin II (#790-2208, ready to use, Ventana Medical Systems, Tucson, AZ, USA). For
quantitative evaluations, we ran a singleplex BF multiplex IHC protocol for CD3, CD4,
CD8, CD20, CD68 and CD163 for a subset of 10 melanoma samples randomly selected from
the starting cohort. The signal was developed with anti-mouse or anti-rabbit Alk Phos (AP)
coupled with Chromomap RED (#760-160, ready to use, Ventana Medical Systems, Tucson,
AZ, USA). The sections were counterstained with Hematoxylin II (#790-2208, ready to use,
Ventana Medical Systems, Tucson, AZ, USA).

2.3. Methodological Considerations

To optimize BF multiplex IHC procedures in the Ventana Discovery Ultra Immunos-
tainer, it is strictly necessary to follow a rigorous methodology.

Indeed, the order of sequential staining is a crucial step in multiplexing procedures.
To maximize the quality of the stain, it is always necessary to take into account (i) the
antibody with the lowest antigenicity or that is more difficult to detect (weak staining),
as in the singleplex method, must always be the first in the multiplex sequence; (ii) it is
recommended to start the multiplex sequence with antibodies directed against nuclear
antigens, then proceed with cytoplasmic ones and finally use those against the membrane;
and (iii) the choice and the order of the chromogen combination influence the quality of the
staining. If the antibodies of interest are expressed on the same cell populations, not all the
chromogens available in BF are useful; only the Purple, Teal and Yellow ones, due to their
translucent nature, can be combined for colocalization in the Ventana Discovery Ultra.

Moreover, another crucial step in BF multiplex IHC is the denaturation phase. We
performed two different protocols of denaturation, using a combination of high temperature
and reaction buffer (pH 8.2) or Ultra CC2 (pH 6), both with incubation for 8 min at 100 ◦C.
Ultra CC2 as a denaturation buffer is more efficient than reaction buffer, and it guarantees
cleaner and brighter colors by not reducing the previous chromogen staining at all. All the
protocols that we propose in this short communication follow these recommendations.

2.4. Ethical Committee

The use of FFPE sections of human melanoma samples was approved by the Local
Ethics Committee (13676_bio, protocol Id.21073) according to the Helsinki Declaration.

2.5. Image Analysis

Stained tissue sections were digitally scanned at ×400 magnification with the Aperio
AT2 platform (Leica Biosystems, Wetzlar, Germany) into whole slide digital images (WSI).
Each SVS-format file was imported into the HALO Link® (Indica Labs, Albuquerque, NM,
USA) image-management system. After the image annotations of the whole tumor areas of
the melanoma samples were drawn, we performed image analysis for both singleplex and
multiplex staining using the HALO Multiplex Immunohistochemistry analysis software
version v3.1.1076.308 (Indica Labs, Albuquerque, NM, USA). The evaluations were based
on cytonuclear features such as the stain intensity, size, and roundness for CD3-, CD4-,
CD8,- CD20-, CD68- and CD163-positive cells. The software automatically excludes tissue
gaps from analysis, and the settings were set up to include the full range of staining
intensity (from weak to strong). The data are expressed as the cellular density (i.e., the
number of positive cells divided by the annotation layer area in mm2).
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2.6. Statistical Analysis

The data are reported descriptively, namely, as the means ± standard deviations
(SDs) or medians and interquartile ranges (IQRs) for continuous variables, and numbers
(percentages) for categorical data. The unpaired two-tailed Student’s t test was applied as
appropriate. A p-value < 0.05 was considered significant for all the variables. All the data
were analyzed using GraphPad Prism version 8.00 (La Jolla, CA, USA).

3. Results
3.1. Optimization of Double-Labeling Protocols

Starting from validated singleplex staining protocols routinely used, we first assessed
whether these traditional BF IHC methods could be combined with each other; in particular,
we combined six immune-cell-marker protocols for CD3, CD4, CD8, CD20, CD68 and
CD163. These protocols allowed us to visualize two different immune-cell populations on
the same section: CD3/CD20 (T and B lymphocytes), CD4/CD8 (T helper and cytotoxic T
cells), and CD68/CD163 (M1 and M2 macrophages). We started to optimize the protocol
from the CD3/CD20 staining (Figure 1).
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Figure 1. Representative double-labeling BF multiplex IHC of melanoma tissue. (A) Representative
images of hematoxylin and eosin staining (B) Representative image of double CD20/CD3 staining
with DAB (CD20) and Red (CD3) chromogens. (C) Representative image of double CD20/CD3
staining with Yellow (CD20) and Red (CD3) chromogens. (D) Representative image of double
CD20/CD3 staining with Yellow (CD20) and Purple (CD3). Magnification: 200× and 400× (scale bar:
100 µm and 50 µm).

Since these are antigens present on different cells on the membranes and with similar
antigenicity, in this case, the order of staining did not affect the quality of the result (data
not shown). Accordingly, to characterize the distribution of B cells and T cells in the
TME of melanoma samples, we performed three different staining protocols using the
following chromogen combinations: Red/DAB (Figure 1A), Yellow/Red (Figure 1B), and
Yellow/Purple (Figure 1C). As shown in Figure 1, the BF multiplex IHC Yellow/Purple
protocol guarantees the maximum contrast in comparison with the previous combinations
tested (Red/DAB and Red/Yellow), allowing one to better distinguish the morphological
and cyto-architectural tissue details. The excellent contrast and the distance of the colors in
the visible spectrum make the Yellow/Purple combination the best-performing combination
of chromogens for double labeling both for microscope evaluations and for image analysis.
Moreover, as shown in Figure 2, we applied this protocol for CD4/CD8 (Figure 2B) and
CD68/CD163 (Figure 2C) staining protocols. In order to validate the quality and the antigen
conservation of the double-staining protocols shown in Figure 2B–D, we performed, on
a subset of 10 melanoma samples, a singleplex Red staining for CD3, CD20, CD4, CD8,
CD163 and CD68.
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Figure 2. Representative double-labeling BF multiplex IHC of melanoma tissue and pooled data of
CD3-, CD20-, CD4-, CD8-, CD163- and CD68-positive cell density comparisons between single and
multiplex IHC. (A) Representative images of hematoxylin and eosin staining. (B) Representative
image of double CD3/CD20 staining with Yellow (CD3) and Purple (CD20) chromogens. (C) Rep-
resentative image of double CD4/CD8 staining with Yellow (CD4) and Purple (CD8) chromogens.
(D) Representative image of double CD163/CD68 staining with Yellow (CD163) and Purple (CD68)
chromogens. Magnification: 200× and 400× (scale bar: 100 µm and 50 µm). (E) Quantitative analysis
of CD3-, CD20-, CD4-, CD8-, CD163- and CD68-positive cells in singleplex stained samples (n = 10)
and multiplex stained samples (n = 10). Error bars represent 95% confidence intervals. All the
statistical analyses were performed using unpaired two-tailed Student’s t tests. n.s.–not significant.

Unpaired-sample t-tests were run to determine if there were differences between CD3
singleplex/CD3 multiplex, CD20 singleplex/CD20 multiplex, CD4 singleplex/CD4 multi-
plex, CD8 singleplex/CD8 multiplex, CD163 singleplex/CD163 multiplex and CD68 single-
plex/CD68 multiplex staining (Figure 2E). No differences were observed for CD3 singleplex
(mean: 919.1 ± 565.9) and CD3 multiplex (mean: 983.0 ± 634.2), p = 0.081; for CD20 single-
plex (mean: 206.5 ± 231.5) and CD20 multiplex (mean: 213.2 ± 237.8), p = 0.094; for CD4
singleplex (mean: 503.8 ± 484.5) and CD4 multiplex (mean: 577.4 ± 361.7), p = 0.070; for
CD8 singleplex (mean: 333.1 ± 346.0) and CD8 multiplex (mean: 235.7 ± 189.7), p = 0.044;
for CD163 singleplex (mean: 849.6 ± 560.1) and CD163 multiplex (mean: 1090.0 ± 550.4),
p = 0.34; and for CD68 singleplex (mean: 391.8 ± 330.6) and CD68 multiplex (mean:
463.2 ± 198.4), p = 0.56. Quantitative evaluations confirm that there is no loss of anti-
genicity due to the multiple cycles of staining.

3.2. Optimization of Triple-Labeling Protocols

In order to study the relationship between immune cells and tumor cells, we developed
and validated a triple-labeling BF IHC. We introduced the nuclear marker specific for
melanoma cells SOX10 to our optimized double-labeling protocols. In Figure 3, we reported
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one of the possible combinations for triple-labeling BF IHC: SOX10/CD8/CD163. To
achieve this goal, we introduced the green chromogen for the third stain. We tested
three different chromogens’ combinations: SOX10 (Yellow), CD8 (Purple) and CD163
(Green) (Figure 3A); SOX10 (Purple), CD8 (Green) and CD163 (Yellow) (Figure 3B); and
SOX10 (Green), CD8 (Yellow) and CD163 (Purple) (Figure 3C). Our results show that the
combination SOX10 (Green), CD8 (Yellow) and CD163 (Purple) guarantees the best contrast
and sharp discrimination between the three stained cell populations.
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Figure 3. Representative triple-labeling BF multiplex IHC of melanoma tissue. (A) Representative
images of hematoxylin and eosin staining. (B) Representative image of triple SOX10/CD8/CD163
labeling with Yellow (SOX10), Purple (CD8) and Green (CD163) chromogens. (C) Representative
image of triple SOX10/CD8/CD163 staining with Purple (SOX10), Green (CD8) and Yellow (CD163)
chromogens. (D) Representative image of triple SOX10/CD8/CD163 staining with Green (SOX10),
Yellow (CD8) and Purple (CD163) chromogens. Counterstain was performed with hematoxylin.
Magnification: 200× and 400× (scale bar: 100 µm and 50 µm).

4. Discussion

With the growing relevance of the TME in the context of prognostic and predictive
biomarkers’ discovery, implementations of novel and standardized methods for immune
contextual evaluation are becoming crucial as a personalized approach to clinical deci-
sions in melanoma patients. Singleplex IHC, while being cost-effective, practical and of
widespread use in routine diagnosis, does not allow the accurate assessment of the density
of and spatial relationships between different cell types. Today, the development of new
multiplex IHC staining is increasingly in demand for clinical implementations that are in
line with the recent transition towards fully digital diagnostic pathology [23–26].

IF and BF multiplex IHC staining coupled with image analysis allow a more consistent
and in-depth view of the TME [27]. Hence, there is a need to put in place standardized
protocols that are aimed at providing the best visual quality of markers that can be evaluated
both by the operator and by the latest software generation.

From a technical point of view, unlike the singleplex methods, BF multiplex IHC
requires a more in-depth study of each step of the protocol, because tissues undergo
multiple cycles in staining procedures [28] that allow the visualization of more biomarkers
of interest using a minimal number of slides, saving precious tissue samples.

Furthermore, in contrast to IF multiplex IHC, the development of assays involving
BF multiple IHC chromogenic substrates presents some critical issues such as the visual
contrast compatibility of chromogens and cellular localization of combined markers. IF
multiplex IHC is undoubtedly a very powerful tool that allows a more complete and more
in-depth characterization of the TME than the BF multiplex IHC [19,21,29]. IF multiplex
IHC permits colocalizing more markers on the same cells than is technically impossible
with BF multiplex IHC. In addition, the large number of dyes available and the possibility
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of “turning them on” and “turning them off” coupled with automated rapid imaging
system LED technologies [23] make the IF multiplex IHC the leading staining technique
in the research field [25,29]. For all these reasons, BF multiplex IHC has remained less
widespread than IF.

On the other hand, BF IHC remains the gold standard for histological evaluations [29],
and the development of BF multiplex IHC could be very useful for challenging specimens
such as pigmented melanoma samples. The development of standardized BF multiplex
IHC protocols could be more easily implemented in the diagnostic routine workflow since
pathologists are more familiar with the evaluation of stained sections in BF than IF [30].
Another advantage of BF IHC is represented by ease of the acquisition of WSI systems [21].
Indeed, the acquisition of BF IHC WSI is performed through new completely automatic
platforms that do not require specialized personnel thanks to the easy handling and storage
of the BF IHC slides compared to IF slides.

To achieve this goal, we proposed three different CD3/CD20 double BF multiplex and
three different triple BF multiplex SOX10/CD8/CD163 IHC protocols; our results showed
that Yellow/Purple and Yellow/Purple/Green combinations yielded the best contrast,
respectively. Indeed, the choice of complementary chromogen colors, opposite in the visible
spectrum, such as purple and yellow, allows a reduced color overlap with a clearer visualiza-
tion of the stained cell populations than the other chromogen combinations tested. Instead,
the overlapping absorption spectra of Yellow/Red and the reduced contrast of Red/DAB
could cause the misinterpretation of digital images and may affect the subsequent image
analysis. Moreover, DAB is not recommended in pigmented melanoma tissues [31], and the
use of this chromogen may increase the risk of improper interpretations, which result from
the DAB chromogen intensifying the color of residual melanin pigment [32]. Of interest,
highly pigmented cutaneous melanomas showed a worse prognosis in comparison with
amelanotic tumors, suggesting that melanin can enhance melanoma progression possibly
through an upregulation of multiple genes involved in glucose metabolism, angiogenesis
and stress responses [33,34]. Consequently, an optimization of the characterization of the
immunophenotype in highly pigmented melanomas remains of crucial relevance.

To obtain the best chromogens’ combination and visual interpretation in pigmented
melanoma tissues, it may be useful to combine BF multiplex IHC with a bleaching method
as we previously reported [35].

The use of complementary colors is essential to facilitate robust automated image
analysis and processing by different AI-based image analysis software. Furthermore, we
evaluated the antigen conservation of the tested protocols comparing the BF singleplex
IHC with BF multiplex IHC, demonstrating that there was no loss of antigenicity due to
the multiple cycles of staining.

All these considerations highlight the promising potential of the integration of BF
multiplex IHC in clinical practice. The development and validation of these standardized
techniques is crucial, particularly in consideration of the potential synergies with image
analysis tools and artificial intelligence (AI) algorithms [26,36]. This could lead to the
implementation of new AI tools and discovery of new prognostic factors that, in a future
diagnostic routine, could assist pathologists in the diagnosis workflow.

In conclusion, we herein compared different BF IHC multiplex protocols for the
study of the TME in primary cutaneous melanoma tissues and offer the best optimized
protocol for visualization and evaluation. These methodologies are studied to maximize
the quality of staining (choice of chromogens) considering the tissue characteristics under
examination (variably pigmented specimens), maintaining a high level of standardization
and reproducibility thanks to the complete automation of the process developed in the
Ventana Discovery Ultra Immunostainer.
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2. Simiczyjew, A.; Dratkiewicz, E.; Mazurkiewicz, J.; Ziętek, M.; Matkowski, R.; Nowak, D. The influence of tumor microenvironment

on immune escape of melanoma. Int. J. Mol. Sci. 2020, 21, 8359. [CrossRef] [PubMed]
3. Maibach, F.; Sadozai, H.; Seyed Jafari, S.M.; Hunger, R.E.; Schenk, M. Tumor-Infiltrating Lymphocytes and Their Prognostic Value

in Cutaneous Melanoma. Front. Immunol. 2020, 11, 2105. [CrossRef] [PubMed]
4. Hatogai, K.; Kitano, S.; Fujii, S.; Kojima, T.; Daiko, H.; Nomura, S.; Yoshino, T.; Ohtsu, A.; Takiguchi, Y.; Doi, T.; et al. Compre-

hensive immunohistochemical analysis of tumor microenvironment immune status in esophageal squamous cell carcinoma.
Oncotarget 2016, 7, 47252–47264. [CrossRef]

5. Oike, N.; Kawashima, H.; Ogose, A.; Hotta, T.; Hatano, H.; Ariizumi, T.; Sasaki, T.; Yamagishi, T.; Umezu, H.; Endo, N. Prognostic
impact of the tumor immune microenvironment in synovial sarcoma. Cancer Sci. 2018, 109, 3043–3054. [CrossRef]

6. Lee, S.; Kim, D.H.; Oh, S.Y.; Kim, S.Y.; Koh, M.S.; Lee, J.H.; Lee, S.; Kim, S.H.; Kwak, J.Y.; Pak, M.G.; et al. Clinicopathologic
significance of tumor microenvironment CD11c, and FOXP3 expression in diffuse large B-cell lymphoma patients receiving
rituximab, cyclophosphamide, anthracycline, vincristine, and prednisone (R-CHOP) combination chemotherapy. Korean J. Intern.
Med. 2017, 32, 335–344. [CrossRef]

7. Erdag, G.; Schaefer, J.T.; Smolkin, M.E.; Deacon, D.H.; Shea, S.M.; Dengel, L.T.; Patterson, J.W.; Slingluff, C.L. Immunotype and
immunohistologic characteristics of tumor-infiltrating immune cells are associated with clinical outcome in metastatic melanoma.
Cancer Res. 2012, 72, 1070–1080. [CrossRef]

8. Barnes, T.A.; Amir, E. HYPE or HOPE: The prognostic value of infiltrating immune cells in cancer. Br. J. Cancer 2017, 117, 451–460.
[CrossRef]

9. Sallam, M.A.; Wyatt Shields IV, C.; Prakash, S.; Kim, J.; Pan, D.C.; Mitragotri, S. A dual macrophage polarizer conjugate for
synergistic melanoma therapy. J. Control. Release 2021, 335, 333–344. [CrossRef]

10. Fu, Q.; Chen, N.; Ge, C.; Li, R.; Li, Z.; Zeng, B.; Li, C.; Wang, Y.; Xue, Y.; Song, X.; et al. Prognostic value of tumor-infiltrating
lymphocytes in melanoma: A systematic review and meta-analysis. Oncoimmunology 2019, 8, 1593806. [CrossRef]

11. Kim, Y.J.; Won, C.H.; Lee, M.W.; Choi, J.H.; Chang, S.E.; Lee, W.J. Correlation between tumor-associated macrophage and immune
checkpoint molecule expression and its prognostic significance in cutaneous melanoma. J. Clin. Med. 2020, 9, 2500. [CrossRef]

12. De Logu, F.; Galli, F.; Nassini, R.; Ugolini, F.; Simi, S.; Cossa, M.; Miracco, C.; Gianatti, A.; De Giorgi, V.; Rulli, E.; et al. Digital
immunophenotyping predicts disease free and overall survival in early stage melanoma patients. Cells 2021, 10, 422. [CrossRef]

13. Massi, D.; Brusa, D.; Merelli, B.; Falcone, C.; Xue, G.; Carobbio, A.; Nassini, R.; Baroni, G.; Tamborini, E.; Cattaneo, L.; et al. The
status of PD-L1 and tumor-infiltrating immune cells predict resistance and poor prognosis in BRAFi-treated melanoma patients
harboring mutant BRAFV600. Ann. Oncol. 2015, 26, 1980–1987. [CrossRef]

14. Massi, D.; Romano, E.; Rulli, E.; Merelli, B.; Nassini, R.; De Logu, F.; Bieche, I.; Baroni, G.; Cattaneo, L.; Xue, G.; et al. Baseline
β-catenin, programmed death-ligand 1 expression and tumour-infiltrating lymphocytes predict response and poor prognosis in
BRAF inhibitor-treated melanoma patients. Eur. J. Cancer 2017, 78, 70–81. [CrossRef]

15. Sobottka, B.; Nowak, M.; Frei, A.L.; Haberecker, M.; Merki, S.; Aebersold, R.; Ak, M.; Al-Quaddoomi, F.S.; Albinus, J.;
Alborelli, I.; et al. Establishing standardized immune phenotyping of metastatic melanoma by digital pathology. Lab. Investig.
2021, 101, 1561–1570. [CrossRef]

16. Gide, T.N.; Pires da Silva, I.; Quek, C.; Ferguson, P.M.; Batten, M.; Shang, P.; Ahmed, T.; Menzies, A.M.; Carlino, M.S.;
Saw, R.P.M.; et al. Clinical and molecular heterogeneity in patients with innate resistance to anti-pd-1 +/− anti-ctla-4 immunother-
apy in metastatic melanoma reveals distinct therapeutic targets. Cancers 2021, 13, 3186. [CrossRef]

http://doi.org/10.1016/b978-1-4377-1788-4.00005-8
http://www.ncbi.nlm.nih.gov/pubmed/25207363
http://doi.org/10.3390/ijms21218359
http://www.ncbi.nlm.nih.gov/pubmed/33171792
http://doi.org/10.3389/fimmu.2020.02105
http://www.ncbi.nlm.nih.gov/pubmed/33013886
http://doi.org/10.18632/oncotarget.10055
http://doi.org/10.1111/cas.13769
http://doi.org/10.3904/kjim.2015.161
http://doi.org/10.1158/0008-5472.CAN-11-3218
http://doi.org/10.1038/bjc.2017.220
http://doi.org/10.1016/j.jconrel.2021.05.033
http://doi.org/10.1080/2162402X.2019.1593806
http://doi.org/10.3390/jcm9082500
http://doi.org/10.3390/cells10020422
http://doi.org/10.1093/annonc/mdv255
http://doi.org/10.1016/j.ejca.2017.03.012
http://doi.org/10.1038/s41374-021-00653-y
http://doi.org/10.3390/cancers13133186


Cancers 2022, 14, 3682 9 of 9

17. Van Herck, Y.; Antoranz, A.; Andhari, M.D.; Milli, G.; Bechter, O.; De Smet, F.; Bosisio, F.M. Multiplexed Immunohistochemistry
and Digital Pathology as the Foundation for Next-Generation Pathology in Melanoma: Methodological Comparison and Future
Clinical Applications. Front. Oncol. 2021, 11, 636681. [CrossRef]

18. Giraldo, N.A.; Berry, S.; Becht, E.; Ates, D.; Schenk, K.M.; Engle, E.L.; Green, B.; Nguyen, P.; Soni, A.; Stein, J.E.; et al. Spatial
UMAP and image cytometry for topographic immuno-oncology biomarker discovery. Cancer Immunol. Res. 2021, 9, 1262–1269.
[CrossRef]

19. Taube, J.M.; Akturk, G.; Angelo, M.; Engle, E.L.; Gnjatic, S.; Greenbaum, S.; Greenwald, N.F.; Hedvat, C.V.; Hollmann, T.J.; Juco, J.;
et al. The Society for Immunotherapy in Cancer statement on best practices for multiplex immunohistochemistry (IHC) and
immunofluorescence (IF) staining and validation. J. Immunother. Cancer 2020, 8, e000155. [CrossRef]

20. Akturk, G.; Parra, E.R.; Gjini, E.; Lako, A.; Jack Lee, J.; Neuberg, D.; Zhang, J.; Yao, S.; Laface, I.; Rogic, A.; et al. Multiplex tissue
imaging harmonization: A multicenter experience from CIMAC-CIDC immuno-oncology biomarkers network. Clin. Cancer Res.
2021, 27, 5072–5073. [CrossRef]

21. Wharton, K.A.; Wood, D.; Manesse, M.; Maclean, K.H.; Leiss, F.; Zuraw, A. Tissue Multiplex Analyte Detection in Anatomic
Pathology–Pathways to Clinical Implementation. Front. Mol. Biosci. 2021, 8, 672531. [CrossRef]

22. Sun, Z.; Nyberg, R.; Wu, Y.; Bernard, B.; Redmond, W.L. Developing an enhanced 7-color multiplex IHC protocol to dissect
immune infiltration in human cancers. PLoS ONE 2021, 16, e0247238. [CrossRef]

23. Niazi, M.K.K.; Parwani, A.V.; Gurcan, M.N. Digital pathology and artificial intelligence. Lancet Oncol. 2019, 20, e253–e261.
[CrossRef]

24. Pallua, J.D.; Brunner, A.; Zelger, B.; Schirmer, M.; Haybaeck, J. The future of pathology is digital. Pathol. Res. Pract. 2020,
216, 153040. [CrossRef]

25. Akturk, G.; Sweeney, R.; Remark, R.; Merad, M.; Gnjatic, S. Multiplexed Immunohistochemical Consecutive Staining on Single
Slide (MICSSS): Multiplexed Chromogenic IHC Assay for High-Dimensional Tissue Analysis. In Methods in Molecular Biology;
Humana Press Inc.: Totowa, NJ, USA, 2020; Volume 2055, pp. 497–519.

26. Fassler, D.J.; Abousamra, S.; Gupta, R.; Chen, C.; Zhao, M.; Paredes, D.; Batool, S.A.; Knudsen, B.S.; Escobar-Hoyos, L.;
Shroyer, K.R.; et al. Deep learning-based image analysis methods for brightfield-acquired multiplex immunohistochemistry
images. Diagn. Pathol. 2020, 15, 100. [CrossRef]

27. Parra, E.R. Methods to Determine and Analyze the Cellular Spatial Distribution Extracted from Multiplex Immunofluorescence
Data to Understand the Tumor Microenvironment. Front. Mol. Biosci. 2021, 8, 668340. [CrossRef]

28. Dixon, A.R.; Bathany, C.; Tsuei, M.; White, J.; Barald, K.F.; Takayama, S. Recent developments in multiplexing techniques for
immunohistochemistry. Expert Rev. Mol. Diagn. 2015, 15, 1171–1186. [CrossRef]

29. Yaseen, Z.; Gide, T.N.; Conway, J.W.; Potter, A.J.; Quek, C.; Hong, A.M.; Long, G.V.; Scolyer, R.A.; Wilmott, J.S. Validation of an
Accurate Automated Multiplex Immunofluorescence Method for Immuno-Profiling Melanoma. Front. Mol. Biosci. 2022, 9, 1–16.
[CrossRef]

30. Morrison, L.E.; Lefever, M.R.; Behman, L.J.; Leibold, T.; Roberts, E.A.; Horchner, U.B.; Bauer, D.R. Brightfield multiplex
immunohistochemistry with multispectral imaging. Lab. Investig. 2020, 100, 1124–1136. [CrossRef]

31. Orchard, G.E.; Calonje, E. The effect of melanin bleaching on immunohistochemical staining in heavily pigmented melanocytic
neoplasms. Am. J. Dermatopathol. 1998, 20, 357–361. [CrossRef]

32. Jordan, T.; Williams, D.; Criswell, S.; Wang, Y. Comparison of bleaching protocols utilizing hematoxylin and eosin stain and
immunohistochemical proliferation marker MCM3 in pigmented melanomas. J. Histotechnol. 2019, 42, 177–182. [CrossRef]
[PubMed]

33. Slominski, A.; Kim, T.K.; Brozyna, A.A.; Janjetovic, Z.; Brooks, D.L.P.; Schwab, L.P.; Skobowiat, C.; Jóźwicki, W.; Seagroves, T.N.
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