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Editorial on the Research Topic

Advancements in Molecular Diagnosis and Treatment of Melanoma

Melanoma is characterized by a marked molecular heterogeneity, considerably greater than that
highlighted so far from the histopathological and clinical points of view only. The development and
progression of melanoma, like almost all other forms of malignant neoplasms, is based on the
acquisition of sequential alterations in specific gene pathways or metabolic/molecular mechanisms
involved in the regulation of cell functions (1, 2).

The role of genetic and epigenetic alterations in the onset and progression of tumors is being
steadily established. Intracellular alterations occurring in molecular pathways have been found to
even concur in interfering with the homeostasis of the tumor microenvironment (TME). As
consequence, a tight interaction between intracellular changes and various extracellular factors
participating in immune activity against the tumor is strongly involved in modulating neoplastic
progression. One can summarize that cancer cells develop and progress under the pressure of an
articulated network of intra- and extracellular growth stimuli.

In this complex scenario, several TME elements are progressively taking the stage: immune cells
(including, in addition to the main effectors such as CD8+/CD4+ T lymphocytes and natural killer
cells, a whole system of cells with regulatory and immunosuppressive activity), endothelial cells and
vascular changes aimed at increasing angiogenesis, fibroblasts, components of the extracellular
matrix (including those involved in epithelial-mesenchymal transition and/or stroma remodeling),
and a variety of soluble molecules (such as growth factors, chemotactic factors, cytokines, etc.). On
this latter aspect, several conditions may tip the scales in favor of an immunosuppressive or an
immune reactive status. Here is a tentative list of examples of such conditions: altered levels of
VEGF, interleukins, immune checkpoint effectors, cyto/chemokines, or enzymes such as IDO and
arginase; variation of the TME concentration of immunosuppressive cells such as myeloid-derived
suppressor cell/MDSC, tumor-associated macrophage/TAM, or regulatory T cell/Treg; unbalanced
distribution of dendritic/mature dendritic cells (3). Overall, these elements form a complex
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regulatory network that favors tumor growth by creating an
environment that allows tumor cells to evade immune surveillance.

Among the events intrinsic to the cells, some molecular
alterations may be able to profoundly affect the tumor
sensitivity to T lymphocyte activity and, more in general, the
capability of exerting an antitumor immune reaction. Again, here
is an indicative and not fully comprehensive list of such
molecular changes: silencing of PTEN, MAPK activation,
enhanced PI3K activity, activated WNT/b-catenin signaling,
JAK1/2 inactivating mutations, STAT1-3/STING/TBK1
signaling impairment, increased rates of chromosomal
instability or aneuploidy, modifications in antigen/neoantigen
presentation (3).

During the last decade, a real revolution has been registered for
both management and treatment of melanoma. Before 2010, only
one fourth of patients withmetastatic disease were alive at 1 year (4).
Current therapeutic strategies allowed the achievement of
outstanding results represented by high response rates and
prolonged disease control; to date, about half of patients with
advanced melanoma is indeed alive at 5 years (5). Predominantly,
therapeutic strategies that have contributed in recent years to
change the outcome of melanoma patients with subsequent
significant impact on long-term benefit include either a selective
blocking of the BRAF-driven signal transduction (BRAF mutant
inhibitors—vemurafenib, dabrafenib, encorafenib—given in
combination with MEK inhibitors—cobimetinib, trametinib,
binimetinib) either the immune checkpoint blockade therapy
(targeting CTLA-4—ipilimumab—and the PD-1/PD-L1 axis—
nivolumab, pembrolizumab). Moreover, the continuously
improved experience of clinicians in managing sequence or
combination of the above mentioned therapies as well as in
appropriately integrating systemic treatments with specific loco-
regional interventions (i.e. radiotherapy, metastasectomy,
electrochemotherapy, etc.) significantly increased the chances of
prolonged survival in ever larger groups of melanoma patients (5).

Unfortunately, the failure of the disease control into the
remaining half of melanoma patients, who thus progress to
death in the same time period, represents the disappointing
other side of the coin. In this regard, several studies are ongoing
in order to either investigate new treatment protocols either
optimize the strategies for the best use of the currently available
drugs. Trials are being conducted for defining the most effective
sequence of targeted and immune checkpoint therapy in BRAF-
mutated melanoma patients - also trying to clarify whether
translational studies may be helpful in selecting distinct subsets
of responders and non responders - as well as for determining
the most appropriate regimens to be used after progression to the
first-line treatments (6). Continuous efforts to strengthen the
integration of surgical and medical interventions are likely to be
the key in improving long-term outcomes in patients
with melanoma.

The Research Topic “Advancements in molecular diagnosis
and treatment of melanoma” provides an overview of the main
Frontiers in Oncology | www.frontiersin.org 26
strategic approaches aimed at improving the clinical benefits for
the different patients’ subsets, by including:

a. identification of additional molecular pathways and new
available drugs, also considering preclinical and clinical data
available for several targets under development (7). This will
pave the way for further investigations on modalities of
combining them with existing targeted or immune therapies
as well as on evaluation of the safety and tolerability of such
combination or sequential therapies;

b. development of methods capable of predicting patient response
or resistance to different systemic treatment options (mostly,
immunotherapy) bymainly providing circulating tumor-derived
elements as non-invasive biomarkers (so-called “liquid biopsy”).
In this sense, a clinical practice change into the management of
melanoma patients would be represented by a “dynamic”
characterization of the (epi)genetic and molecular signatures,
to be assessed not only at baseline but also during the course of
treatment or follow-up. In other words, the aim should be to
monitor any biological variation of the disease behavior
depending on intrinsic and acquired tumor heterogeneity (8);

c. assessment of the right time for therapy administration, when
treatments may exert their maximal clinical benefit in terms
of rates of patients alive with no evidence of disease (adjuvant
and neoadjuvant approaches);

d. identification and translation into the clinical practice of deeper
mutational profiling driven by new artificial intelligence tools
(i.e. digitalization of tissue slides for recognizing all melanoma
features to standardize diagnoses or better classify tumor
microenvironment components as well as use of faster
software for interpretation of multi-parametric data and
development of bioinformatic algorithms). This would more
accurately weight the specific contribution of any molecular
feature to the disease behavior, in a patient-matched way;

e. methodological improvement of single-cell testing and
multiplexed immunohistochemical or transcriptional assays
for a more detailed evaluation of the functional roles of the
genes associated with melanoma, toward a better understanding
of their prognostic and/or predictive significance.
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Recognition of Cutaneous Melanoma
on Digitized Histopathological Slides
via Artificial Intelligence Algorithm
Francesco De Logu1, Filippo Ugolini2, Vincenza Maio3, Sara Simi2, Antonio Cossu4,
Daniela Massi2, Italian Association for Cancer Research (AIRC) Study Group,
Romina Nassini1*† and Marco Laurino5

1 Section of Clinical Pharmacology and Oncology, Department of Health Sciences, University of Florence, Florence, Italy,
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and Molecular Diagnostics, Careggi University Hospital, Florence, Italy, 4 Department of Medical, Surgical, and Experimental
Sciences, University of Sassari, Sassari, Italy, 5 Institute of Clinical Physiology, National Research Council, Pisa, Italy

Increasing incidence of skin cancer combined with a shortage of dermatopathologists
has increased the workload of pathology departments worldwide. In addition, the
high intraobserver and interobserver variability in the assessment of melanocytic skin
lesions can result in underestimated or overestimated diagnosis of melanoma. Thus,
the development of new techniques for skin tumor diagnosis is essential to assist
pathologists to standardize diagnoses and plan accurate patient treatment. Here,
we describe the development of an artificial intelligence (AI) system that recognizes
cutaneous melanoma from histopathological digitalized slides with clinically acceptable
accuracy. Whole-slide digital images from 100 formalin-fixed paraffin-embedded primary
cutaneous melanoma were used to train a convolutional neural network (CNN) based on
a pretrained Inception-ResNet-v2 to accurately and automatically differentiate tumoral
areas from healthy tissue. The CNN was trained by using 60 digital slides in which
regions of interest (ROIs) of tumoral and healthy tissue were extracted by experienced
dermatopathologists, while the other 40 slides were used as test datasets. A total of
1377 patches of healthy tissue and 2141 patches of melanoma were assessed in
the training/validation set, while 791 patches of healthy tissue and 1122 patches of
pathological tissue were evaluated in the test dataset. Considering the classification
by expert dermatopathologists as reference, the trained deep net showed high
accuracy (96.5%), sensitivity (95.7%), specificity (97.7%), F1 score (96.5%), and a
Cohen’s kappa of 0.929. Our data show that a deep learning system can be trained
to recognize melanoma samples, achieving accuracies comparable to experienced
dermatopathologists. Such an approach can offer a valuable aid in improving diagnostic
efficiency when expert consultation is not available, as well as reducing interobserver
variability. Further studies in larger data sets are necessary to verify whether the deep
learning algorithm allows subclassification of different melanoma subtypes.

Keywords: cutaneous melanoma, artificial intelligence, convolutional neural network, image analysis, diagnosis

Abbreviations: AI, artificial intelligence; CNNs, convolutional neural networks; FFPE, formalin fixed paraffin embedded;
TIL, tumor infiltrating lymphocytes; WSIs, whole-slide images.
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INTRODUCTION

Melanoma is one of the major causes of cancer-related death,
and its incidence is increasing worldwide (1, 2). Histopathological
diagnosis of melanoma is based on the assessment of cyto-
architectural features on hematoxylin and eosin-stained slides,
which has been recognized to be highly subjective. Recent
observations have revealed a diagnostic discordance between
histopathologists in distinguishing benign nevi and malignant
melanomas (3, 4). A lack of access to dermatopathology expertise
in this context can slow diagnostic turnaround times, resulting in
delays in patient care and leading to potential adverse impacts on
clinical outcomes. In this scenario, the computer-aided diagnosis
(CAD) system reduces intraobserver and interobserver variability
and improves the accuracy of pathology interpretation (5, 6).

In recent years, AI has attracted a lot of attention for digital
imaging processing (7). The most commonly used and highly
functioning AI approach for medical image processing (including
histopathology) is based on deep learning algorithms and, in
particular, on CNNs (8). CNNs are deep neural networks, trained
for visual recognition tasks directly from pixel images with
minimal preprocessing (9). CNNs require a considerable amount
of data for training/validation, and the classification accuracy
of CNN classifiers is mainly dependent on the quality and size
of the image dataset (10). The training of a new CNN model
with a new image dataset requires extensive effort to collect a
large number of images. For this reason, a CNN architecture can
be built from pretrained models (Transfer Learning approach)
with a considerable reduction in the training image dataset
(11). Several types of pretrained CNN architectures, including
AlexNet, SqueezeNet, NASNet-Large, Inception-v3, ResNet-50,
Vgg19, and Inception- ResNet-v2 (12–14), have been designed.

The deep learning applied to digital pathology is a continuing
challenge for many reasons: (i) limited (labeled) dataset
availability, (ii) complexity of pathological variability, (iii) large
image sizes, and (iv) difficulty of implementation of CNN models
due to a large number of setting parameters (15, 16).

In recent years, few studies that focus on deep learning
algorithms have been proposed to automate the analysis of
melanoma and skin lesions in WSIs (17–19). Since the sizes of
WSIs are too large to be used as direct input to a CNN, the
typical approach is to train, validate, and test the CNN, instead
of using low-pixel-resolution patches of the WSI, obtaining tens
to thousands of patches from each WSI (20). Although AI
technology has achieved remarkable results for skin pathology
analysis, in this field, the potential of CNNs has not been
fully investigated, and their performances may be significantly
improved. Future studies will focus on the development of
different CNN architectures and training procedures, to finalize
an optimal AI-based algorithm useful for clinical support.

In this study, we aimed to implement an annotation
framework for the automated analysis of histopathological
cutaneous melanoma images. We developed a CNN-based
algorithm that allows us to build masks on scanned lesioned
tissues, in order to define areas of healthy and pathological tissue,
even in those samples for which identification by the pathologist
is more complex due to the presence of a scarce tumoral

component. Our data revealed a methodological approach to
build a map reporting the topological distribution of melanoma
and healthy tissues from analyzed WSIs.

MATERIALS AND METHODS

Sample Population and Data Set
The study included a retrospective collection of formalin-
fixed paraffin-embedded (FFPE) cutaneous primary invasive
melanomas (n = 100) from the Section of Pathology, Department
of Health Sciences, University of Florence, Florence, Italy; the
Center for Immuno-Oncology, Department of Oncology,
University Hospital of Siena, Siena, Italy; and the Unit
of Cancer Genetics, Institute of Biomolecular Chemistry
(ICB), National Research Council (CNR), Sassari, Italy.
Clinicopathological data of the patients are reported in Table 1.
Two expert dermatopathologists (VM and DM) performed
the histopathological reevaluation and confirmed the original
diagnosis. Representative histopathological whole slides stained
with hematoxylin and eosin were anonymized and digitalized
using Pannoramic 250 Flash III (3D HISTECH) and Aperio
AT2 (Leica) with × 20 power. From each scanned slide, a total
of 8 ROIs (4 representatives of the tumor area and 4 of the
adjacent healthy tissue) were extracted (Figure 1). The use of
FFPE sections of human samples was approved by the Local
Ethics Committee (#13676_bio and #17033_bio) according to
the Helsinki Declaration.

AI Methodology
To adapt the data size of the input images to the CNN input layer
size, smaller image patches were extracted from the labeled ROI.
Each ROI was tiled in non-overlapping 299 × 299 pixel square
patches (×20 magnification). The patch dimension of each pixel
was about 0.2428 mm; therefore, the dimension of each patch
was about 72.59 mm × 72.59 mm, corresponding to an area
of about 5269.3 mm2 (Figure 2). Patches were adjacent to each
other and covered the entire tissue region of each ROI. Patches
of the ROIs containing no more than 50% white background

TABLE 1 | Clinicopathological data of the patients.

Patients (n = 100)

Age Range (Mean ± SD) 24–89 (62.7 ±16.0)

Sex Male (n) 62

Female (n) 38

Location of primary tumor Trunk (n) 56

Extremity (n) 44

Tumor thickness >2mm (n) 100

Clark’s level III (n) 47

IV (n) 53

Ulceration Present (n) 71

Not present (n) 29

Stage III (n) 47

IV (n) 53

Mitotic rate/mm2 Range 0–57
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FIGURE 1 | ROI samples selected from healthy tissue (A–C) and invasive
cutaneous melanoma (D–F) on a whole slide image. Each ROI was obtained
at a magnification of 20×.

FIGURE 2 | Examples of patches cropped from ROIs. The first and second
lines report sampled patches of normal and pathological tissues, respectively.
Each patch has a size of 299 × 299 pixels (72.59 mm × 72.59 mm).

were used for further analysis. The patches obtained from ROIs
of 60 slides (1377 patches for healthy tissue and 2141 patches for
melanoma) were used as training/validation dataset; the patches
from ROIs of 40 slides (791 for healthy tissue and 1122 patches for
melanoma) were used as a test dataset. The training/validation
and testing datasets were completely disjointed (i.e., extracted
from different patients) in order to demonstrate the robustness of
the trained CNN. The expansion of the image dataset for training
and validation is useful for improving the capability of the model
and to avoid overfitting. We augmented the training/validation
dataset via affine transformations. The patches were horizontally
or vertically shifted between 0 and 30 pixels and scaled by
zoom-in and zoom-out operations with rate magnitude between
0 and 20%. The increased and original patches were used as
training/validation sets.

A CNN based on a pretrained Inception-ResNet-v2 (12) with
the training/validation dataset was trained by using 75% of the
patches for training and 25% for validation. For training the net,
stochastic gradient descent with momentum algorithm was used;
the first 10 layers of the net were frozen, and for the residual
layers, the learning rate was set to 0.003, and the momentum was
set to 0.9. The maximum number of epochs for training was set
to 15, and a mini-batch with 16 observations at each iteration was
used. Then, the net performance with the test dataset was tested.

For binary (healthy tissue vs. melanoma) patch-level
classification, the trained net performance was evaluated in terms
of the following metrics:

1. Accuracy: the ratio between the number of correct
predictions (both true positives and true negatives) and the
overall number of samples.

2. Sensitivity (or recall): the number of true positives divided
by the number of true positives and false negatives.

3. Specificity: the number of true negatives divided by the
number of true negatives and false positives.

4. F1 score: a measure of a classification accuracy often used
in case of imbalanced data. This is the harmonic mean
between precision and sensitivity. Precision is the number
of true positives divided by the number of true positives
and false positives.

5. Cohen’s kappa: a measure of the agreement between the
human and trained net classification (correcting for chance
agreement). This is a statistical measure of inter-rater
agreement. Kappa scores less than zero are interpreted
as “no” agreement. Kappa scores ranging from 0.01 to
0.20 are considered “slight” agreement, 0.21 to 0.40 “fair”
agreement, 0.41 to 0.60 “moderate” agreement, 0.61 to 0.80
“substantial” agreement, and 0.81 to 1.00 “almost perfect”
agreement.

The trained net as a sliding window over the whole WSI was
applied to evaluate the topological distribution of the melanoma
and healthy tissue. A scheme of the methodological process,
from raw WSI to trained CNN performance evaluation, is
reported (Figure 3).

RESULTS

Training by using the curated image patches took approximately
18 h to complete 3200 iterations with Matlab software (R2019b,
Natick, MA, United States: The MathWorks Inc.) and its
Deep Learning Toolbox. As reported in the confusion matrix
(Figure 4), the overall accuracy of our net in training set
classification was 96.5% (1847 correct classification from a total
of 1913). In particular, the misclassification rates were 2.3%
for healthy tissue (18 patches of 791) and 4.3% for melanoma
(48 patches of 1122). The obtained sensitivity, specificity, and
F1 score were 95.7, 97.7, and 97.0%, respectively, and Cohen’s
kappa was 0.929.

Misclassified patches were reviewed, and we found that, in
2/9 false-positive analyzed patches, signs of marked dermal
solar elastosis (grade 3) (Figure 5A) and/or epidermal atrophy
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FIGURE 3 | Representative scheme of the methodological pipeline. The whole slide images of melanoma from 100 patients were split in training/validation and
testing datasets that are disjointed during the process. ROIs of normal and pathological tissues were extracted from the two datasets and labeled. (A–C) Healthy
tissue, (D–F) invasive cutaneous melanoma. Each ROI was tiled in 299 × 299 pixel patches. The patches of training/validation sets were used for the training of
CNN. Finally, the performance indices of classification were estimated by applying the trained CNN to the testing set.

(Figures 5A–C) were observed. In the false-positive cases, the
prevalence of dermal-based, instead of epidermal based or
dermo-epidermal, patches was observed. In particular, in 3/9
of false-positive patches, an abnormal dilated small-to-medium-
size vessel surrounded by normal dermal collagen was observed
(Figure 5D). Extravasated erythrocytes in the dermis or within
the adnexal epithelium were found in 3/9 cases (Figures 5D,E),
and, in one case, normal sebaceous adnexal structures and
follicular epithelium were detected (Figure 5F).

Histopathological reevaluation of the false-negative cases
showed representative areas of pathological tissue with moderate-
to-severe cytological atypia (melanoma cells) in all cases, with
no significant areas of non-tumoral tissues. A known factor
that negatively affects tumor classification by CNN is the
presence of melanin (21); in our dataset, we observed that
the level of pigmentation in false negatives was heterogeneous.
In particular, it was absent in 5 cases (Figure 6A), mild in
8 cases (Figures 6B–D), and prominent (Figure 6E) in 18
cases, thus demonstrating that the trained neural network
was not influenced by the presence or absence of melanin.
Clear cell changes were detected in melanoma cells in two
patches (Figure 6F). A more detailed analysis showed that,
in 7/18 cases, tumor cells were arranged in large confluent
aggregates (diffuse growth), with no nests. Tumor-infiltrating
lymphocytes (TILs) were absent (16/18) or non-brisk (2/18),
and none of the selected images showed a prominent (brisk)
infiltration by TILs.

Finally, the classification maps obtained after the application
of the trained net to five representative WSIs of invasive
cutaneous melanoma were reported (Figure 7). The maps

FIGURE 4 | Confusion matrix describing the classification performance of the
trained CNN for the training dataset.

showed the topological distribution of patches of each WSI
classified as healthy tissue (green area) or melanoma (red area).

DISCUSSION

Since its development in the mid-twentieth century, research
using AI has been subjected to transformation and criticism.
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FIGURE 5 | ROI samples in which false-positive patches were identified.
(A) Dermal solar elastosis (Grade 3). (A–C) Epidermal atrophy. (D) Abnormal
dilated small-to-medium size vessels surrounded by normal dermal collagen.
(D,E) Extravasated erythrocytes in the dermis or within adnexal epithelium.
(F) Sebaceous adnexal structures and follicular epithelium.

FIGURE 6 | ROI samples in which false-negative patches were identified.
(A) Absent pigmentation. (B–D) Mild pigmentation. (E) Prominent
pigmentation. (F) Clear cell changes in melanoma cell.

Using a powerful workstation, a large amount of data, and
complex computer algorithms, AI can identify complex models
in the real world, producing considerations, conclusions,
extrapolations, associations, and forecasts that can match or
exceed human capabilities. The analysis of histopathological
images in general, and melanoma in particular, represent a
natural application of this field.

In this study, we showed that an AI algorithm to recognize
cutaneous melanoma can be a useful diagnostic tool for
supporting dermatopathologists for diagnostic purposes.
Although extensive research has been carried out on melanoma
dermatoscopic images processing with AI (22–24), few studies
have specifically shown the utility of AI in the recognition
of melanoma compared to normal tissue in histopathological
images (17–19).

Previous studies (18, 19) have proposed CNNs to distinguish
between histopathological images of melanomas and benign
tissue. First, a pretrained ResNet50 CNN with a randomly
cropped area from 595 WSIs (300 nevi WSIs for 50152 patches;

295 melanoma WSIs for 55263 patches) and tested with a
randomly cropped area from 100 WSIs (50 nevi WSIs for 50152
patches; 50 melanoma WSIs for 55263 patches) was used, and
an overall accuracy of 81% with respect to the gold standard
reference (i.e., classification by board-certified pathologists) was
reported (18). Second, a CNN that automatically detected
melanoma in WSIs and highlighted the lesion area on WSIs
using a probabilistic heat map was reported by using a pretrained
VGG16 CNN, trained with 38 WSI (27 healthy tissue WSIs for
50152 patches; 11 melanoma WSI for 55263 patches), and tested
with an independent dataset of 76 WSIs (38 healthy tissue WSIs
for 16904 patches; 38 melanoma WSI for 66222 patches). For
patch diagnosis on an independent dataset, the proposed model
also achieved accuracy, sensitivity, and specificity of 91.4, 91.0,
and 92.8%, respectively (19).

Our data clearly show that the AI algorithm we built
includes all the characteristics necessary for better recognition
of tumor cells, including lesions that are not easily identified.
The CNN proposed in this study has shown high performance
in detecting cutaneous melanoma areas in histopathological
slides. It can recognize portions of pathological and healthy
tissues on independent testing datasets with an accuracy,
sensitivity, specificity, and F1 score of 96.5, 95.7, 97.7, and
97.0%, respectively. Unlike recently published data (18), our
classification method does not aim to discriminate between
melanoma and nevi, but rather to distinguish, within a WSI,
healthy tissue from pathological tissue. Our aim is in line
with the patch-level classification on an independent dataset
(19). In addition, we obtained a classification performance
higher than that reported (19), in terms of accuracy (96.5%
vs. 91.4%), sensitivity (95.7% vs. 91.0%), and specificity (97.7%
vs. 92.8%). In the previous study (19), the F1 score was not
estimated and, therefore, we cannot compare it with the F1
score of our net; nevertheless, the value obtained is high
enough to demonstrate the high classification accuracy of
our CNN.

The proposed CNN has the potential to quickly classify
and give more detailed information on pathological cases,
defining a heat map that distinguishes the malignant areas
from the normal ones. A promising application would be
for the pathologist to focus on a more accurate and faster
identification of the tumor margin status, thus facilitating a heat
map on the scan, to streamline the task in clinically critical
decisions. Our results have also revealed that a dimension of
about 5000 mm2 per patch is sufficient to obtain a reliable
patch-level recognition of pathological tissue in WSIs. The
proposed CNN achieved a Cohen’s kappa of 0.929 with respect
to the reference classification of expert dermatopathologists,
thus showing a high level of agreement between human and
machine evaluation, as well as a higher inter-rater agreement
with respect to the previous study (19), which reported a
Cohen’s kappa of 0.878 for patch-level classification on an
independent dataset.

In our study, each misclassified patch was visually reanalyzed
by expert dermatopathologists in search of possible explanations
for the wrong classification by the trained CNN. In some
of the false-positive patches, signs of marked dermal solar
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FIGURE 7 | Sample images showing the results of the trained-CNN application to five WSIs. Each WSI was associated with a classification binary map with texels
representing classified patches: green area for non-melanoma patches and red area for melanoma patches. The background areas (corresponding to patches with
more than 50% of the white background) were represented by the white areas.

elastosis and epidermal atrophy, as expected from UV-related
melanomas arising on chronically sun-exposed anatomical
sites, were observed. This finding is significant in light of
the recent multidimensional classification for melanoma (25).
The possibility that the AI algorithms implemented allow a
better subclassification of Low-Cumulative Solar Damage (CSD)
melanomas vs. High-CSD melanomas, which are different,
as well as the genomic level and mutational status, should
be further explored in larger data sets. In addition, a
misdiagnosis could be attributed to the presence of more
heterogeneous patches showing prominent dilated vessels
and extravasated erythrocytes, or adnexal structures in the
dermis. In all false-negative patches, areas of homogeneous
pathological tissue with moderate–severe cytological atypia
(melanoma cells), with no significant areas of non-tumoral
tissues, were recognized. In about half of the cases, tumor
cells were arranged in large confluent aggregates with no
discrete nests. Whether or not the type of architectural tumor
growth and cellular arrangement (confluent aggregates vs.
small discrete nests) affects misclassification is currently a
matter of investigation. None of the false-negative patches
were associated with brisk TILs, thus avoiding the hypothesis
that a prominent tumor-associated lymphocytic component
in the tumor microenvironment could be responsible for
the misclassification. Finally, tissue pigmentation did not
affect classification.

The strength of our study is in the description of an
AI that is proficient in working on a heterogeneous data
set of melanomas, which reflects the cases usually inspected
by dermatopathologists in daily clinical practice. However,
this study has several limitations that will be addressed in

future studies. First, the case series includes only pT3 and
pT4 melanomas (Breslow thickness > 2 mm). Indeed, the
purpose of this study was to develop a CNN that works with
high performance on thick melanomas; the second step will
be to apply the neural network to melanomas with Breslow
<2 mm, to evaluate its performance and, possibly, implement
training with thinner melanomas. Second, a separate cohort
of melanocytic nevi was not included in the comparison;
we acknowledge that the ability to discriminate melanoma
from nevi would increase the strength of the proposed
AI approach. Third, additional studies incorporating larger
datasets from clinical practice settings, as well as more
general pathologists with a broader range of backgrounds, are
necessary to further validate our data. Finally, the technical
requirements for image acquisition should be validated in
additional independent cohorts. In particular, the classification
performance of the net could be reduced by the use of different
digital WSI scanners.

CONCLUSION

In conclusion, Our data show that a deep learning system
can be trained to recognize melanoma samples, achieving
accuracies comparable to experienced dermatopathologists.
This system could prove to be a valuable aid in improving
diagnostic efficiency when expert consultation is not available,
as well as reducing interobserver variability. Further studies
in larger data sets are required to verify whether the
deep learning algorithm allows subclassification of different
melanoma subtypes.
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Background: Head-to-head evidence is lacking in comparative risks of

high-grade adverse events (AEs) among different systemic treatment options for

advanced melanoma.

Methods: An up-to-date systematic review and network meta-analysis (NMA) was

performed. Randomized controlled trials (RCTs) of patients with advanced melanoma

were eligible if at least one intervention was the Food and Drug Administration–approved

targeted or immune checkpoint inhibitors. Risks of high-grade AEs were estimated by

random-effects Bayesian NMAs, based on relative risks. Surface under the cumulative

ranking probabilities was used to assess relative ranking of treatments. The summary

incidences were calculated.

Results: Twenty-five RCTs (12,925 patients) comparing 10 different systemic treatment

options were included. BRAF/MEK had the highest risk of overall high-grade AEs (pooled

incidence: 32.11%). BRAF had the highest risk of high-grade arthralgia (0.39%), whereas

MEK had the highest risk of high-grade hypertension (2.28%) and nausea (0.37%).

Cytotoxic T-lymphocyte antigen 4 (CTLA-4)/chemo had the highest risk of high-grade

diarrhea (1.31%), alanine aminotransferase (0.60%), and aspartate aminotransferase

elevation (0.59%). Programmed cell death 1 (PD-1)/CTLA-4 had the highest risks of

high-grade pyrexia (1.14%) and rash (0.94%). Using PD-1 inhibitor alone had the lowest

risks of overall high-grade AEs.

Conclusions: Different systemic treatment options have varying high-grade AEs in

advanced melanoma treatment. Current evidences highlight the important risks of

BRAF/MEK, CTLA-4/chemo, and PD-1/CTLA-4.

Keywords: immune checkpoint inhibitor (ICI), targeted inhibitor, network meta-analysis, advanced melanoma,

high-grade adverse event
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INTRODUCTION

Systemic therapy is themain treatmentmodality for patients with
advanced melanoma (1). The landscape of systemic treatment
options is changing rapidly in recent years from traditional
interferon α to novel mitogen-activated protein kinase pathway
inhibitors (i.e., BRAF inhibitors and MEK inhibitors) and
immune checkpoint inhibitors (ICIs) [i.e., programmed cell
death 1 inhibitors (PD-1) and cytotoxic T-lymphocyte antigen
4 inhibitors (CTLA-4)] (2). Results from randomized controlled
trials (RCTs) have shown that these new agents have drastically
improved progression-free survival (PFS) and overall survival
(OS) in patients with advanced melanoma (3, 4). However, high-
grade adverse events (AEs) related to these targeted inhibitors
and ICIs remain a concern in clinical practice (1).

Medical decision-making for patients with advanced
melanoma is a major challenge for clinicians. It is important to
balance between the clinical benefits and potential high-grade
risks of each systemic treatment option during decision making
(2, 5). Systematic review and network meta-analysis (NMA) have
been conducted to provide high-quality evidences to support the
medical decision-making. For example, previous studies found
BRAF plus MEK combination was the most favorable therapy to
improve PFS, whereas PD-1 was associated with improved OS
benefit (5–9). However, these studies were mainly focused on the
comparative efficacy. The risks of severe, life-threatening AEs or
deaths related to the BRAF- or MEK-targeted inhibitors or ICIs
treatments were not adequately summarized for patients with
advanced melanoma (6, 9).

The decision about systemic therapies to patients with
advanced melanoma should be informed not only by the
reduction of recurrence risk or OS improvement, but also by
careful management of high-grade risks (10). In the absence of
a direct comparison among different systemic treatment options
to guide the clinical decision-making, it has been unclear which
treatment strategy has the highest high-grade AEs to patients
with advanced melanoma. A comprehensive understanding of
the high-grade AEs of these novel targeted and immunotherapy
agents is needed for informed these clinical decisions. We
conducted a NMA to compare high-grade AEs of the Food
and Drug Administration (FDA)–approved ICIs and targeted
inhibitors for patients with advanced melanoma.

MATERIALS AND METHODS

Study Design
This NMA was reported based on the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses guidelines (11, 12).
A priori established review protocol was followed when the
study was conducted. The review protocol was registered in
the PROSPERO international prospective register of systematic
reviews (CRD42020160453).

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase;
CrIs, credible intervals; CTLA-4, cytotoxic T-lymphocyte antigen 4 inhibitors;
FDA, Food and Drug Administration; ICIs, immune checkpoint inhibitors; PD-1,
programmed cell death 1 inhibitors; RR, relative risk.

Search Strategy and Selection Criteria
The final searches of PubMed, EMBASE, and Cochrane
Library were conducted up to December 20, 2019, using
the combinations of the following terms: (melanoma OR
melanocyte) AND (ipilimumab OR yervoy OR nivolumab OR
opdivo OR pembrolizumab OR keytruda OR binimetinib OR
mektovi OR cobimetinib OR cotellic OR dabrafenib OR tafinlar
OR encorafenib OR braftovi OR trametinib OR mekinist OR
vemurafenib OR zelboraf OR “cytotoxic T-lymphocyte antigen 4”
OR “programmed cell death 1 receptor” OR “BRAF” OR “MEK”)
AND (randomOR control OR phase II OR phase III OR placebo)
without restriction on year of publication or language. The
detailed search strategies are listed in Supplementary Table 1.

Trials were eligible if the following inclusion criteria were
met: (1) patients with advanced melanoma regardless mutation
status; (2) at least one of the interventions compared in the
trial was either the FDA-approved ipilimumab, nivolumab,
pembrolizumab, binimetinib, cobimetinib, dabrafenib,
encorafenib, trametinib, vemurafenib, their combinations,
or chemotherapy with their combinations; (3) high-grade AEs
were extractable either from published articles or unpublished
reports from clinicaltrial.gov; (4) phase II or III RCTs. We
excluded (1) commentaries, letters, editorials, protocols or
reviews; (2) trials only in conference abstracts/posters form; (3)
phase I, dose escalation or single-arm trials; (4) in vitro or animal
studies; and (5) studies of cost-effectiveness analyses or quality of
life. The titles, abstracts and full texts were evaluated sequentially.

Data Extraction
Data from eligible trials were extracted by two investigators (HY
and FH). The extracted information included trial name, line of
treatment, study phase, blinding status, median age (range), sex,
mutation status, resection status, treatment class [BRAF, MEK,
BRAF, and MEK combination (BRAF/MEK), CTLA-4, PD-1,
chemotherapy, PD-1 and CTLA-4 combination (PD-1/CTLA-
4), CTLA-4, and chemotherapy combination (CTLA-4/chemo)],
dosage of drugs, number of patients in each randomization arm,
median length of follow-up in each treatment arm, number
of patients in the safety dataset, and number of patients with
the following: [1] overall high-grade AEs (grades 3–5 AEs);
[2] general symptomatic high-grade AEs (fatigue, pyrexia);
[3] general laboratory results–related high-grade AEs [alanine
aminotransferase (ALT) elevation, aspartate aminotransferase
(AST) elevation, hypertension]; [4] musculoskeletal/pain–related
high-grade AEs (arthralgia, myalgia); [5] gastrointestinal high-
grade AEs (diarrhea, nausea); and [6] cutaneous high-grade
AEs (rash). Both published data from articles and unpublished
data from clinicaltrial.gov were extracted. When discrepancies
occurred between the published and unpublished data, we
selected the data with higher number of events.

Quality Assessment
The risk of bias was assessed by two authors (HY and FH)
independently. The domains assessed included random sequence
generation (selection bias), allocation concealment (selection
bias), blinding of participants and personnel (performance bias),
blinding of outcome assessment (detection bias), incomplete
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TABLE 1 | Characteristics of included trials (49 articles including 25 randomized controlled trials).

Trial name Line of

treatment

Study

phase

Blinding Median age

(range)

Sex

(Male)

Mutation status Resection

status

Treatment

class

Treatment Follow up

(month)

No of patients

in safety

dataset

No of patients

with grades

3–5 AEs

BREAK-3 First-line Phase 3 Open-label 52 (21–93) 149 BRAF V600E

mutation

Unresectable BRAF Dabrafenib 150mg twice daily (187) NA 187 64*

Chemotherapy Dacarbazine 1,000 mg/m² every 3

weeks (63)

NA 59 14*

BRF113220 First-line Phase 2 Open-label 50 (18–85) 93 BRAF V600E or

V600K mutations

Unresectable BRAF/MEK Trametinib 1mg once daily plus

dabrafenib 150mg twice daily (54)**

Median 14.1 54 30

BRAF/MEK Trametinib 2mg once daily plus

dabrafenib 150mg twice daily (54)

Median 14.1 55 42

BRAF Dabrafenib 150mg twice daily (54) Median 14.1 53 25

BRIM-3 First-line Phase 3 Open-label 54 (17–86) 381 BRAF V600E

mutation

Unresectable BRAF Vemurafenib 960mg twice daily

(337)

Median 13.4 336 165

Chemotherapy Dacarbazine 1,000 mg/m² every 3

weeks (338)

Median 9.2 293 52

BRIM-8 First-line Phase 3 Double-blind 51 (38–61) 283 BRAF V600E

mutation

Resected BRAF Vemurafenib 960mg twice daily

(250)

Median 30.8 in

cohort 1;

Median 33.5 in

cohort 2

247 142

Placebo Placebo (248) Median 30.8 in

cohort 1;

Median 33.5 in

cohort 2

247 37

CA184-004 Not clear Phase 2 Double-blind 55 (23–87) 52 Not clear Unresectable CTLA-4 low

dose

Ipilimumab at 3 mg/kg every 3

weeks (40)

Median 8.9 40 7

CTLA-4 high

dose

Ipilimumab at 10 mg/kg every 3

weeks (42)

Median 8.6 42 14

CA184-022 Not clear Phase 2 Double-blind 59 (19–85) 144 Not clear Unresectable CTLA-4 Ipilimumab 0.3 mg/kg every

3 weeks (73)**

Median 8.3 72 26

CTLA-4 low

dose

Ipilimumab 3 mg/kg every

3 weeks (72)

Median 8.7 71 35

CTLA-4 high

dose

Ipilimumab 10 mg/kg every

3 weeks (72)

Median 10.7 71 38

CA184-024 Not clear Phase 3 Double-blind 57 (31–87) 301 Not clear Unresectable CTLA-4 plus

chemotherapy

Ipilimumab 10 mg/kg plus

dacarbazine 850 mg/m² (250)

Range:

36.6–54.0

247 170*

Chemotherapy Dacarbazine 850 mg/m² every 3

weeks (252)

Range:

36.6–54.0

251 121*

CA184-169 First-line Phase 3 Double-blind 62 (49–71) 450 BRAF

V600E,V600K,

other mutation, or

wild type

Unresectable CTLA-4 high

dose

Ipilimumab 10 mg/kg every

3 weeks (365)

Median 14.5 364 245*

CTLA-4 low

dose

Ipilimumab 3 mg/kg every 3 weeks

(362)

Median 11.2 362 194*

(Continued)

F
ro
n
tie
rs

in
O
n
c
o
lo
g
y
|w

w
w
.fro

n
tie
rsin

.o
rg

3
O
c
to
b
e
r
2
0
2
0
|
V
o
lu
m
e
1
0
|A

rtic
le
5
7
1
1
3
5

18

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


H
u
a
n
g
e
t
a
l.

H
ig
h
-G

ra
d
e
A
d
ve
rse

E
ve
n
ts

in
M
e
la
n
o
m
a

TABLE 1 | Continued

Trial name Line of

treatment

Study

phase

Blinding Median age

(range)

Sex

(Male)

Mutation status Resection

status

Treatment

class

Treatment Follow up

(month)

No of patients

in safety

dataset

No of patients

with grades

3–5 AEs

CheckMate

037

Second-line Phase 3 Open-label 60 (23–85) 261 BRAF V600E,

V600K, or wild

type

Unresectable PD-1 Nivolumab 3 mg/kg every 2 weeks

(272)

Median 8.4 268 156*

Chemotherapy Dacarbazine 1,000 mg/m² every 3

weeks or carboplatin AUC = 6 plus

paclitaxel 175 mg/m² every 3 weeks

(133)

Median 8.4 102 46

CheckMate

066

First-line Phase 3 Double-blind 65 (18–87) 246 Wild type Unresectable PD-1 Nivolumab 3 mg/kg every 2 weeks

(210)

Median 8.9 206 70

Chemotherapy Dacarbazine 1,000 mg/m² every 3

weeks (208)

Median 6.8 205 78

CheckMate

067

First-line Phase 3 Double-blind 60 (18–90) 610 BRAF V600E,

V600K, or wild

type

Unresectable PD-1 Nivolumab 3 mg/kg every 2 weeks

(316)

Median 35.7 313 188

CTLA-4 plus

PD-1

Nivolumab 1 mg/kg every 3 weeks

plus ipilimumab 3 mg/kg every 3

weeks (314)

Median 38.0 313 223*

CTLA-4 low

dose

Ipilimumab 3 mg/kg every 3 weeks

(315)

Median 18.6 311 173

CheckMate

069

First-line Phase 2 Double-blind 65 (27–87) 95 Not clear Unresectable CTLA-4 plus

PD-1

Nivolumab 1 mg/kg plus ipilimumab

3 mg/kg every 3 weeks (95)

Minimum 11 94 58*

CTLA-4 low

dose

Ipilimumab 3 mg/kg every 3 weeks

(47)

Minimum 11 46 18*

CheckMate

238

Not clear Phase 3 Double-blind 55 (18–86) 527 BRAF V600E,

V600K, or wild

type

Resected PD-1 Nivolumab 3 mg/kg every 2 weeks

(453)

Median 19.5 452 115

CTLA-4 high

dose

Ipilimumab 10 mg/kg every 3 weeks

(453)

Median 19.5 453 252

coBRIM First-line Phase 3 Double-blind 55 (23–88) 286 BRAF V600E

mutation

Unresectable BRAF/MEK Vemurafenib 960mg twice daily plus

cobimetinib 60mg once daily (247)

Median 7.3 247 186

BRAF Vemurafenib 960mg twice daily

(248)

Median 7.3 246 151

COLUMBUS First-line Phase 3 Open-label 56 (20–89) 334 BRAF V600E or

V600K mutations

Unresectable BRAF/MEK Encorafenib 450mg once daily plus

binimetinib 45mg twice daily (192)

Median 16.7 192 112

BRAF Encorafenib 300mg once daily

(194)**

Median 16.6 192 127

BRAF Vemurafenib 960mg twice daily

(191)

Median 14.4 186 118

COMBI-AD First-line Phase 3 Double-blind 50 (18–89) 388 BRAF V600E or

V600K mutations

Resected BRAF/MEK Dabrafenib 150mg twice daily plus

trametinib 2mg once daily (438)

Median 33.6 435 181

Placebo Placebo (432) Median 33.6 432 61

COMBI-d First-line Phase 3 Double-blind 56 (22–89) 225 BRAF V600E or

V600K mutations

Unresectable BRAF/MEK Dabrafenib 150mg twice daily plus

trametinib 2mg once daily (211)

Median 9 209 104

BRAF Dabrafenib 150mg twice daily (212) Median 9 211 106

(Continued)
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TABLE 1 | Continued

Trial name Line of

treatment

Study

phase

Blinding Median age

(range)

Sex

(Male)

Mutation status Resection

status

Treatment

class

Treatment Follow up

(month)

No of patients

in safety

dataset

No of patients

with grades

3–5 AEs

COMBI-v First-line Phase 3 Open-label 55 (18–91) 388 BRAF V600E

mutation

Unresectable BRAF/MEK Dabrafenib 150mg twice daily plus

trametinib 2mg once daily (352)

Median 11 350 173

BRAF Vemurafenib 960mg twice daily

(352)

Median 10 349 206

EORTC

18071

First-line Phase 3 Double-blind 52 (18–84) 589 Not clear Resected CTLA-4 high

dose

Ipilimumab 10 mg/kg every 3 weeks

(475)

Median 63.6 471 260

Placebo Placebo (476) Median 64.8 474 124

KEYNOTE-

002

Second-line

or more

Phase 2 Open-label 62 (15–89) 327 BRAF V600E,

V600K, or wild

type

Unresectable PD-1 Pembrolizumab 2 mg/kg every 3

weeks (180)**

Median 10 178 94*

PD-1 Pembrolizumab 10 mg/kg every 3

weeks (181)

Median 10 179 78*

Chemotherapy Paclitaxel plus carboplatin,

paclitaxel, carboplatin, dacarbazine,

or oral temozolomide (179)

Median 10 171 45

KEYNOTE-

006

First-line or

second-line

Phase 3 Open-label 62 (18–89) 497 BRAF V600E,

V600K, or wild

type

Unresectable PD-1 Pembrolizumab 10 mg/kg every 2

weeks (279)**

Median 22.9 278 90*

PD-1 Pembrolizumab 10 mg/kg every 3

weeks (277)

Median 22.9 277 84*

CTLA-4 low

dose

Ipilimumab 3 mg/kg every 3 weeks

(278)

Median 22.9 256 81*

KEYNOTE-

054

Second-line

or more

Phase 3 Double-blind 54 (19–88) 628 BRAF V600E,

V600K, other

mutation, or wild

type

Resected PD-1 Pembrolizumab 200mg every 3

weeks (514)

Median 15 509 161

Placebo Placebo (505) Median 15 502 104*

MDX010-08 Not clear Phase 2 Open-label 61 (25–82) 47 Not clear Unresectable CTLA-4 plus

chemotherapy

Ipilimumab 3 mg/kg every 4 weeks

plus dacarbazine 250 mg/m² every 3

weeks (36)

Median 20.9 35 9

CTLA-4 low

dose

Ipilimumab 3 mg/kg every 4 weeks

(40)

Median 16.4 39 6

METRIC Not clear Phase 3 Open-label 54 (21–85) 173 BRAF V600E or

V600K mutations

Unresectable MEK Trametinib 2mg once daily (214) Median 14.7 211 115

Chemotherapy Dacarbazine 1,000 mg/m² every 3

weeks or carboplatin AUC = 6 or

paclitaxel 175 mg/m² every 3 weeks

(108)

Median 8.7 99 40

NEMO First-line Phase 3 Open-label 64 (18–90) 251 NRAS mutation Unresectable MEK Binimetinib 45mg twice daily (269) Median 1.7 269 91

Chemotherapy Dacarbazine 1,000 mg/m² every 3

weeks (133)

Median 1.7 114 25

AEs, adverse events; CTLA-4, cytotoxic T-lymphocyte-associated antigen-4 inhibitors; NA, not available; PD-1, programmed cell death protein 1 inhibitors.

*Data were extracted from clinicaltrial.gov.

**The treatment was not included in the network meta-analysis.
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outcome data (attrition bias), selective reporting (reporting bias),
and other bias (13).

Outcome Measures
The primary outcome was the incidence of overall high-
grade AEs. The secondary outcome was the incidence of
general symptomatic high-grade AEs (fatigue, pyrexia), general
laboratory results–related high-grade AEs (ALT/AST elevation,
hypertension), musculoskeletal/pain–related high-grade AEs
(arthralgia, myalgia), gastrointestinal high-grade AEs (diarrhea,
nausea), and cutaneous high-grade AEs (rash). Both the primary
and secondary outcomes were defined as grades 3–5 AEs basing
on the National Cancer Institute Common Terminology Criteria
for Adverse Events (CTCAE) version 4.0.

Data Synthesis and Statistical Analysis
NMA was conducted based on the Bayesian framework using
a Markov Chain Monte Carlo (MCMC) simulation technique.
Non-informative priors were used to estimate the posterior
distribution (14). The MCMC model was updated with 100,000
simulated draws after a burn-in of 20,000 iterations. We used
a thinning interval of 10 for each chain. Brooks–Gelman–
Rubin statistic was used to assess the adequacy of burn-in and
convergence (15). Relative risks (RRs) along with corresponding
95% credible intervals were reported. Random-effects model
was used because they generally show better goodness of fit.
The posterior mean of the residual deviance was calculated to
assess goodness of model fit. The incidence of both primary and
secondary outcomes was estimated (incidence = 100 × assumed
placebo risk × RR, the assumed placebo risk was generated by
using traditional meta-analyses with random-effects model).

Hierarchy of both the primary and secondary outcomes was
respectively estimated for all the treatment classes using median
ranks and surface under the cumulative ranking curve (SUCRA).
SUCRA was the percentage of drug safety on AEs that would
be ranked first without uncertainty. When the drug safety was
certain to be the best, the SUCRA value would equal one,
whereas it would equal zero when the safety was certain to be the
worst (16). The presence of inconsistency was evaluated by node
splitting analysis in the entire network on particular comparisons
(17, 18). The P < 0.05 was regarded as significant inconsistency.
All the data analyses were conducted using STATA version 14.0
and WinBUGs version 1.4.3.

RESULTS

Selection of Trials
Initially, 2,955 unduplicated records were identified by literature
search. After screening of titles and abstracts, 2,895 records were
excluded. Sixty articles were assessed for eligibility. Finally, 49
articles involving 25 RCTs were included for qualitative and
quantitative synthesis (3, 4, 19–65) (Supplementary Figure 1).

Characteristics of Trials and Patients
The 25 RCTs covered 10 treatment classes and included
12,925 patients with advanced melanoma (Table 1 and
Supplementary Table 2). Supplementary Table 3 lists the

FIGURE 1 | Network plot of eligible comparisons for the Bayesian network

meta-analysis of overall high-grade AEs. The size of the nodes is proportional

to the number of trials that involved the connected treatment (nodes). The

width of the lines is proportional to the number of comparisons (beside the

line) comparing the connected treatment (nodes). The number of patients

randomized to receive the treatment is in parentheses. A total of 27

comparisons were analyzed for overall high-grade AEs.

arrangement of treatments into treatment classes. Among
the 25 RCTs, 19 trials (76.0%) were phase III studies, and
15 trials (60.0%) included patients with first-line treatment.
The median age of patients was between 50 and 65 years.
Supplementary Table 4 shows the details of risk-of-bias
assessment based on each trial.

Overall High-Grade AEs
Twenty-five RCTs (n = 12,151) were involved in the NMA of
overall high-grade AEs (Figure 1). Pooled incidence was highest
for BRAF/MEK (incidence = 32.11%, 95% CrI = 28.25–34.68%,
SUCRA = 5.5%), followed by using BRAF alone (incidence =

31.50%, 95% CrI = 27.51–34.12%, SUCRA = 9.8%). Among
the therapeutic treatments, the pooled incidence of overall high-
grade AEs was lowest for using chemotherapy alone (incidence
= 22.21%, 95% CrI= 16.02–27.95%, SUCRA= 86.0%), followed
by using PD-1 inhibitors alone (incidence = 24.70%, 95% CrI =
19.17–29.49%, SUCRA= 71.9%) (Table 2).

Using CTLA-4 at a low dose (i.e., ipilimumab at 3 mg/kg)
was associated with decreased overall high-grade AEs compared
with using CTLA-4 at a high dose (i.e., ipilimumab at 10 mg/kg)
(RR = 0.84, 95% CrI = 0.68–0.96). Compared with using PD-1
inhibitor alone, BRAF/MEK, BRAF, and CTLA-4 at a high dose
were associated with significantly increased overall high-grade
AEs (Figure 2).

General Symptomatic High-Grade AEs
Twenty-four RCTs (n = 12,069) were involved in the NMA of
high-grade fatigue (Supplementary Figure 2A). The incidence of
fatigue was highest for CTLA-4/chemo (incidence = 0.94%, 95%
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TABLE 2 | Median ranks and the pooled incidences of treatments in terms of

high-grade AEs.

Types Treatment Rank

(95% CrIs)

SUCRA Incidence (95% CrIs)

OVERALL HIGH-GRADE AEs

Placebo 1 (1–3) 99.0 19.00%

Chemo 2 (1–4) 86.0 22.21% (16.02–27.95%)

PD-1 3 (2–6) 71.9 24.70% (19.17–29.49%)

CTLA-4 low dose 4 (2–6) 65.5 25.37% (18.88–30.59%)

MEK 5 (2–9) 49.4 27.28% (18.68–33.17%)

CTLA-4/chemo 7 (3–10) 44.6 29.53% (21.45–34.45%)

PD-1/CTLA-4 7 (4–10) 38.5 30.31% (23.37–34.56%)

CTLA-4 high dose 7 (5–10) 29.7 30.46% (25.67–33.71%)

BRAF 9 (5–10) 9.8 31.50% (27.51–34.12%)

BRAF/MEK 9 (6–10) 5.5 32.11% (28.25–34.68%)

GENERAL, SYMPTOMATIC HIGH-GRADE AEs

Fatigue Placebo 1 (1–4) 91.4 0.50%

CTLA-4 low dose 2 (1–4) 85.0 0.56% (0.27–0.82%)

PD-1 2 (1–4) 83.6 0.58% (0.32–0.80%)

CTLA-4 high dose 4 (2–6) 71.1 0.66% (0.43–0.84%)

Chemo 6 (5–8) 43.9 0.86% (0.65–0.96%)

PD-1/CTLA-4 6 (4–10) 37.8 0.87% (0.60–0.97%)

MEK 7 (4–10) 37.3 0.88% (0.60–0.98%)

BRAF 8 (5–10) 25.6 0.91% (0.77–0.98%)

BRAF/MEK 9 (6–10) 13.0 0.93% (0.82–0.98%)

CTLA-4/chemo 9 (6–10) 11.2 0.94% (0.78–0.99%)

Pyrexia MEK 1 (1–5) 94.4 0.30% (0.03–0.95%)

Placebo 3 (1–5) 82.8 0.60%

Chemo 3 (1–5) 78.5 0.59% (0.18–0.98%)

PD-1 4 (2–6) 71.2 0.72% (0.31–1.04%)

BRAF 5 (2–7) 58.2 0.86% (0.42–1.10%)

CTLA-4 low dose 7 (5–9) 33.4 1.08% (0.74–1.18%)

CTLA-4/chemo 7 (4–10) 32.3 1.07% (0.58–1.19%)

BRAF/MEK 8 (6–10) 19.8 1.13% (0.95%−1.18%)

CTLA-4 high dose 9 (6–10) 15.9 1.14% (0.92–1.19%)

PD-1/CTLA-4 9 (6–10) 13.5 1.14% (0.86–1.19%)

GENERAL, LABORATORY HIGH-GRADE AEs

ALT elevation Placebo 1 (1–3) 98.3 0.30%

Chemo 3 (1–6) 76.3 0.51% (0.16–0.59%)

PD-1 5 (2–7) 62.6 0.56% (0.38–0.60%)

BRAF 4 (2–8) 62.5 0.55% (0.45–0.59%)

MEK 4 (1–9) 60.8 0.55% (0.20–0.60%)

CTLA-4 low dose 5 (2–8) 56.6 0.57% (0.37–0.60%)

BRAF/MEK 6 (3–9) 42.7 0.57% (0.50–0.60%)

CTLA-4 high dose 8 (6–10) 19.0 0.59% (0.55–0.60%)

PD-1/CTLA-4 9 (6–10) 15.1 0.59% (0.55–0.60%)

CTLA-4/chemo 10 (6–10) 6.2 0.60% (0.55–0.60%)

AST elevation Placebo 1 (1–4) 94.6 0.30%

Chemo 3 (1–6) 76.5 0.46% (0.06–0.59%)

CTLA-4 low dose 4 (1–7) 71.1 0.51% (0.16–0.60%)

PD-1 5 (2–7) 62.9 0.53% (0.26%−0.60%)

BRAF 5 (2–8) 59.0 0.54% (0.37–0.59%)

MEK 6 (2–10) 49.2 0.57% (0.15%−0.60%)

(Continued)

TABLE 2 | Continued

Types Treatment Rank

(95% CrIs)

SUCRA Incidence (95% CrIs)

BRAF/MEK 7 (3–10) 35.9 0.57% (0.47–0.60%)

PD-1/CTLA-4 8 (5–10) 20.5 0.59% (0.47–0.60%)

CTLA-4 high dose 9 (6–10) 15.6 0.59% (0.53–0.60%)

CTLA-4/chemo 9 (4–10) 14.8 0.59% (0.39–0.60%)

Hypertension Placebo 2 (1–7) 77.3 1.30%

PD-1 4 (1–8) 65.0 1.66% (0.24–2.54%)

Chemo 4 (1–8) 62.7 1.74% (0.22–2.54%)

CTLA-4 low dose 4 (1–9) 61.4 1.68% (0–2.60%)

BRAF 5 (2–9) 51.2 1.96% (1.14–2.46%)

CTLA-4 high dose 8 (1–10) 40.7 2.39% (0.01–2.60%)

PD-1/CTLA-4 8 (1–10) 38.2 2.37% (0.20–2.60%)

BRAF/MEK 6 (2–10) 37.1 2.06% (1.28–2.46%)

CTLA-4/chemo 8 (1–10) 36.1 2.40% (0.20–2.60%)

MEK 7 (3–10) 30.3 2.28% (0.54–2.59%)

MUSCULOSKELETAL/PAIN RELATED HIGH-GRADE AEs

Arthralgia Placebo 1 (1–4) 94.4 0.20%

PD-1 4 (2–8) 64.8 0.34% (0.18–0.39%)

CTLA-4 high dose 4 (1–9) 59.2 0.34% (0.15–0.39%)

Chemo 4 (2–8) 58.8 0.35% (0.18–0.39%)

PD-1/CTLA-4 6 (1–10) 50.1 0.36% (0.13–0.40%)

MEK 7 (1–10) 47.6 0.38% (0.07–0.40%)

BRAF/MEK 6 (2–9) 40.7 0.37% (0.26–0.40%)

CTLA-4 low dose 6 (2–10) 40.5 0.37% (0.18–0.40%)

CTLA-4/chemo 9 (1–10) 32.2 0.39% (0.13–0.40%)

BRAF 9 (5–10) 11.6 0.39% (0.34–0.40%)

Myalgia PD-1/CTLA-4 1 (1–6) 82.8 NE

CTLA-4 low dose 3 (1–8) 60.0 NE

CTLA-4 high dose 3 (1–8) 59.3 NE

Placebo 5 (1–7) 57.8 NE

PD-1 4 (1–8) 54.4 NE

Chemo 5 (2–8) 34.9 NE

BRAF/MEK 7 (2–8) 34.1 NE

BRAF 8 (3–8) 16.8 NE

GASTROINTESTINAL HIGH-GRADE AEs

Diarrhea MEK 2 (1–8) 84.6 0.56% (0.10–1.21%)

PD-1 3 (1–5) 81.9 0.66% (0.34–1.02%)

Chemo 3 (1–6) 78.6 0.66% (0.24–1.10%)

Placebo 3 (1–6) 78.2 0.70%

BRAF 5 (1–8) 55.3 0.93% (0.49–1.25%)

CTLA-4 low dose 6 (4–8) 43.0 1.02% (0.66–1.25%)

PD-1/CTLA-4 7 (4–9) 32.6 1.08% (0.66–1.30%)

BRAF/MEK 8 (5–10) 23.9 1.18% (0.79–1.35%)

CTLA-4 high dose 9 (7–10) 13.7 1.21% (1.02–1.33%)

CTLA-4/chemo 10 (5–10) 8.3 1.31% (0.86–1.39%)

Nausea Placebo 1 (1–5) 92.7 0.20%

PD-1 3 (1–6) 78.3 0.28% (0.12–0.38%)

CTLA-4 high dose 3 (1–9) 66.6 0.30% (0.14–0.38%)

CTLA-4 low dose 4 (1–8) 63.5 0.30% (0.13–0.39%)

BRAF 5 (2–9) 51.5 0.34% (0.19–0.39%)

CTLA-4/chemo 6 (2–10) 46.4 0.34% (0.16–0.39%)

(Continued)
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TABLE 2 | Continued

Types Treatment Rank

(95% CrIs)

SUCRA Incidence (95% CrIs)

Chemo 8 (4–10) 26.7 0.36% (0.24–0.39%)

BRAF/MEK 8 (3–10) 25.9 0.36% (0.25–0.40%)

PD-1/CTLA-4 8 (3–10) 24.4 0.37% (0.22–0.40%)

MEK 9 (3–10) 23.9 0.37% (0.22–0.40%)

CUTANEOUS HIGH-GRADE AEs

Rash Chemo 1 (1–4) 93.2 0.26% (0.03–0.81%)

Placebo 2 (1–6) 79.1 0.50%

PD-1 4 (1–7) 70.6 0.65% (0.18–0.95%)

BRAF/MEK 5 (2–9) 54.5 0.75% (0.29–0.96%)

CTLA-4 low dose 6 (2–9) 48.9 0.81% (0.28–0.98%)

CTLA-4/chemo 6 (1–10) 45.6 0.82% (0.14–1.00%)

CTLA-4 high dose 7 (4–10) 31.7 0.87% (0.45–0.99%)

MEK 8 (2–10) 29.9 0.90% (0.21–1.00%)

BRAF 8 (4–10) 27.5 0.88% (0.57–0.98%)

PD-1/CTLA-4 9 (4–10) 19.0 0.94% (0.49–1.00%)

AEs, adverse events; ALT, alanine aminotransferase; AST, aspartate aminotransferase;

CrIs, credible intervals; Chemo, Chemotherapy; CTLA-4, cytotoxic T-lymphocyte-

associated antigen-4 inhibitors; NE, not estimable; PD-1, programmed cell death protein

1 inhibitors; SUCRA, surface under the cumulative ranking curve.

CrI = 0.78–0.99%, SUCRA = 11.2%), followed by BRAF/MEK
(incidence = 0.93%, 95% CrI = 0.82–0.98%, SUCRA = 13.0%)
and using BRAF alone (incidence = 0.91%, 95% CrI = 0.77–
0.98%, SUCRA = 25.6%). CTLA-4/chemo increased high-grade
fatigue significantly compared with PD-1 inhibitor (RR = 1.61,
95% CrI = 1.19–2.74). PD-1 inhibitor was not associated with
increased high-grade fatigue compared with placebo (RR= 1.15,
95% CrI= 0.63–1.60) (Supplementary Figure 3A).

Twenty-three RCTs (n= 11,927) were involved in the NMA of
high-grade pyrexia (Supplementary Figure 2B). The incidence
was highest for PD-1/CTLA-4 (incidence = 1.14%, 95% CrI =
0.86–1.19%, SUCRA = 13.5%), followed by high-dose CTLA-4
(incidence = 1.14%, 95% CrI = 0.92–1.19%, SUCRA = 15.9%)
and BRAF/MEK (incidence = 1.13%, 95% CrI = 0.95–1.18%,
SUCRA = 19.8%). Compared with BRAF/MEK, BRAF was
associated with decreased high-grade pyrexia (RR = 0.77, 95%
CrI = 0.43–0.94). Using PD-1 inhibitor alone decreased high-
grade pyrexia significantly compared with PD-1/CTLA-4 (RR =

0.65, 95% CrI= 0.32–0.90) (Supplementary Figure 3B).

General Laboratory Results–Related
High-Grade AEs
Twenty RCTs (n = 11,196) were involved in the NMA
of high-grade ALT and AST elevation, respectively
(Supplementary Figures 4A,B). The incidence of high-grade
ALT elevation was highest for CTLA-4/chemo (incidence =

0.60%, 95% CrI = 0.55–0.60%, SUCRA = 6.2%), followed by
PD-1/CTLA-4 (incidence = 0.59%, 95% CrI = 0.55–0.60%,
SUCRA = 15.1%). The incidence of high-grade AST elevation
was highest for CTLA-4/chemo (incidence = 0.59%, 95% CrI =
0.39–0.60%, SUCRA = 14.8%), followed by high-dose CTLA-4

(incidence = 0.59%, 95% CrI = 0.53–0.60%, SUCRA = 15.6%).
Compared with using chemotherapy alone, CTLA-4/chemo
respectively increased the risks of high-grade ALT and AST
elevation slightly (Supplementary Figures 5A,B).

Fourteen RCTs (n = 8,133) were involved in the NMA of
high-grade hypertension (Supplementary Figure 4C). MEK had
the lowest SUCRA value (30.3%) for high-grade hypertension,
followed by CTLA-4/chemo (SUCRA = 36.1%) and BRAF/MEK
(SUCRA = 37.1%). Compared with chemotherapy, MEK may
increase the risk of high-grade hypertension (RR= 1.26, 95% CrI
= 1.00–3.45) (Supplementary Figure 5C).

Musculoskeletal/Pain–Related High-Grade
AEs
Twenty RCTs (n = 11,059) were involved in the NMA of high-
grade arthralgia (Supplementary Figure 6A). The incidence of
arthralgia was highest for BRAF (incidence = 0.39%, 95% CrI
= 0.34–0.40%, SUCRA = 11.6%), followed by CTLA-4/chemo
(incidence = 0.39%, 95% CrI = 0.13–0.40%, SUCRA = 32.2%).
Compared with placebo, BRAF and BRAF/MEK increased high-
grade arthralgia significantly (Supplementary Figure 7A).

Eleven RCTs (n = 5,655) were involved in the NMA of high-
grade myalgia (Supplementary Figure 6B). The SUCRA value
was lowest for BRAF (16.8%), followed by BRAF/MEK (SUCRA
= 34.1%).

Gastrointestinal High-Grade AEs
Twenty-four RCTs (n = 12,069) were involved in the NMA of
high-grade diarrhea (Supplementary Figure 8A). The incidence
of diarrhea was highest for CTLA-4/chemo (incidence = 1.31%,
95% CrI = 0.86–1.39%, SUCRA = 8.3%), followed by high-
dose CTLA-4 (incidence = 1.21%, 95% CrI = 1.02–1.33%,
SUCRA = 13.7%) and BRAF/MEK (incidence = 1.18%, 95%
CrI = 0.79–1.35%, SUCRA = 23.9%). Compared with PD-1
inhibitors, CTLA-4/chemo was associated with increased high-
grade diarrhea (RR= 1.91, 95% CrI= 1.23–3.51). Using CTLA-4
at a low dose was associated with decreased high-grade diarrhea
compared with using CTLA-4 alone at a high dose (RR = 0.85,
95% CrI= 0.61–0.98). Compared with BRAF/MEK, using BRAF
alone was associated with decreased high-grade diarrhea (RR =

0.80, 95% CrI= 0.53–0.98) (Supplementary Figure 9A).
Twenty-four RCTs (n = 12,069) were involved in the

NMA of high-grade nausea (Supplementary Figure 8B). The
incidence of nausea was highest for MEK (incidence =

0.37%, 95% CrI = 0.22–0.40%, SUCRA = 23.9%), followed
by PD-1/CTLA-4 (SUCRA = 24.4%), BRAF/MEK (SUCRA
= 25.9%) and chemotherapy (SUCRA = 26.7%). Compared
with chemotherapy, PD-1 inhibitors may be associated with
decreased high-grade nausea (RR = 0.79, 95% CrI = 0.40–0.99)
(Supplementary Figure 9B).

Cutaneous High-Grade AEs
Twenty-three RCTs (n = 11,823) were involved in the NMA
of high-grade rash (Supplementary Figure 10). The incidence
of rash was highest for PD-1/CTLA-4 (incidence = 0.94%,
95% CrI = 0.49–1.00%, SUCRA = 19.0%), followed by BRAF
(incidence = 0.88%, 95% CrI = 0.57–0.98%, SUCRA = 27.5%)
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FIGURE 2 | The Bayesian network meta-analysis of overall high-grade AEs. Comparisons should be read from the top treatment to the bottom treatment. Bold

underline cells are significant. Results represent the pooled relative risks and 95% credible intervals for overall high-grade AEs. Relative risk >1 favors the bottom

treatment.

and MEK (incidence = 0.90%, 95% CrI = 0.21–1.00%, SUCRA
= 29.9%). PD-1/CTLA-4, BRAF, and MEK were associated
with increased high-grade rash compared with chemotherapy
(Supplementary Figure 11).

Model Fit and Inconsistence Check
The posterior mean values of the residual deviance were 47.0,
33.6, 36.4, 30.0, 30.0, 22.5, 29.2, 16.5, 35.3, 32.7, and 35.1 for
overall high-grade AEs, fatigue, pyrexia, ALT elevation, AST
elevation, hypertension, arthralgia, myalgia, diarrhea, nausea,
and rash, respectively. The model’s overall fit was relatively
satisfactory. Node splitting analyses did not show inconsistency
between direct and indirect results for all the outcomes
(Supplementary Table 5).

DISCUSSION

Summary of Key Findings
This study fills a crucial knowledge gap regarding the
comparative risks of high-grade AEs among the current FDA-
approved systemic therapies in advanced melanoma. First, we
found that the risk of overall high-grade AEs was highest for
the BRAF/MEK inhibitor. Second, there were differences in
the spectra of high-grade AEs among BRAF-targeted inhibitor
(musculoskeletal toxicities and fatigue), MEK-targeted inhibitor
(hypertension and nausea), CTLA-4 inhibitor (diarrhea and
ALT/AST elevation), and PD-1/CTLA-4 inhibitors (pyrexia and
rash). Third, using PD-1 inhibitor alone had the lowest risks of
high-grade AEs for patients with advanced melanoma. Fourth,
using CTLA-4 inhibitor alone at a low dose (i.e., ipilimumab at 3
mg/kg) decreased overall high-grade AEs significantly compared
with using CTLA-4 inhibitor at a high dose (i.e., ipilimumab at
10 mg/kg).

Comparison With Other Studies
Our study agreed with the result from Franken et al. (5) that
using PD-1 inhibitor alone was associated with the lowest risk
of high-grade AEs. Devji et al. (7) showed that BRAF/MEK was
associated with lower risk of high-grade AEs compared with
using BRAF inhibitor alone despite the result was not significant.
On the contrary, we found that BRAF/MEK inhibitors had the
highest risk of overall high-grade AEs. The differences between
our results and the results from Devji and colleagues’ study may
contribute to the updated trials included in our study (4, 44, 52,
56, 63). In addition, we focused on the FDA-approved targeted
inhibitors and ICIs only. We considered that it would be more
clinically relevant and would provide more useful evidence into
clinical practice.

Previous studies combined high- and low-dose ipilimumab
into one arm in analyses (5, 7). In this study, we classified
the ipilimumab into the high-dose (10 mg/kg) and low-dose
(3 mg/kg) arms when calculating the comparative risks of SAEs.
We found that using CTLA-4 inhibitor alone at a high dose (i.e.,
ipilimumab at 10 mg/kg) was associated with increased risk of
high-grade AEs compared with PD-1 or chemotherapy.

Strength and Limitations of Study
To our knowledge, this is the first andmost comprehensive NMA
that investigated high-grade AEs among the FDA-approved ICIs
and targeted inhibitors for patients with advanced melanoma.
Previous NMAs either focused only on treatment efficacy or
provided limited information on high-grade AEs. In addition,
we classified the treatments by mechanism of action rather
than analyzing the drugs separately. Thus, multiple trials would
contribute to the comparison between two treatment categories.
The network would be concise. It avoided yielding very sparse
networks in analyses because of the current limited number
of available trials. Combining different drugs of the same class
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within a single category may introduce heterogeneity. However,
the values of the posterior mean of the residual deviance closely
corresponded to the number of data points for the outcomes,
indicating satisfactory model’s fit.

Four limitations should be noted. First, this study provided
evidence only on high-grade AEs with limited types. The
tolerability of different treatments was not systematically
investigated. In addition, because of limited information
provided in each of the included studies and the very low
incidence of grade 5 AEs (treatment-related deaths), we
combined grades 3–4 AEs and grade 5 AEs. We used grades
3–5 AEs as the main outcome of this study. More clinically
meaningful outcomes such as all-grade AEs, treatment-related
deaths, or treatment discontinuation due to toxicities should be
studied to compare the tolerability of different treatments in the
future whenmore trials provide the detailed information. Further
researches could also focus on other common AEs such as loss
of weight, altered neurobehavioral responses, or other general
laboratory results such as changes in blood or lipid profile.
Second, the overall high-grade AEs investigated in this study
included both non-immune-related reactions and immune-
related reactions. The latter was usually late onset. Current
clinical trials of ICIs may not have follow-up interval that is long
enough to identify the potential risks. Therefore, the incidence
of high-grade AEs of ICIs may be underestimated. Standardized
method that specifies the clinical criteria for immune-related
AEs would be suggested to be published in the future. Third,
commentaries, letters, or trials only in conference abstracts
were excluded in this study because of the limited information
they provided. Publication bias would be a threat if only full-
text articles with published data were extracted. Nevertheless,
unpublished data from clinicaltrial.gov were obtained in this
study to avoid publication bias. Last but not least, individual
patient data (IPD) was not accessed in this study. Despite
similar inclusion criteria across the included trials have added
our confidence in the ability to estimate comparisons across the
network of evidence, we still encourage IPD meta-analysis to be
conducted in the future because it would provide more detailed
patients’ characteristics to identify the potential effect modifiers
between the treatment options and the high-grade AEs.

Clinical and Research Implications
This study has obtained some unique clinical findings. First, we
found a very similar overall high-grade AE risk between PD-
1/CTLA-4 (i.e., nivolumab 1 mg/kg plus ipilimumab 3 mg/kg)
and using ipilimumab at 10 mg/kg alone (RR = 1.00, 95% CrI
= 0.86–1.24). However, the spectra of toxicity between them
were different. Using ipilimumab at 10 mg/kg had a higher risk
of diarrhea and ALT/AST elevation, whereas the combination
of nivolumab 1 mg/kg and ipilimumab 3 mg/kg had a higher
risk of high-grade pyrexia and rash. Second, the combination of
ipilimumab and chemotherapy (CTLA-4/chemo) had the highest
risk of high-grade fatigue, ALT/AST elevation, and diarrhea.
CTLA-4/chemo was likely to be associated with increased
overall high-grade AEs compared with using ipilimumab at 3
mg/kg alone, despite statistical significance was not detected.
Third, focusing specifically on ipilimumab, we found that using

ipilimumab at 3 mg/kg alone had a higher safety ranking
compared with ipilimumab at 10 mg/kg. It is to be noted
that ipilimumab at 3 mg/kg decreased high-grade diarrhea risk
significantly, compared with using ipilimumab at 10 mg/kg (RR
= 0.85, 95% CrI = 0.61–0.98). These findings presented above
indicate that it is necessary for clinicians to be fully aware of
these high-grade AEs and manage them appropriately according
to the diagnosis criteria and treatment guidelines used across
related trials. These comparative evidences of high-grade AEs
could be used as important references when the clinicians balance
against the improvements in clinical efficacy among different
FDA-approved systemic therapeutic options and perform shared
decision making with patients in advanced melanoma during
clinical practice.

Two research implications could be noted. First, current RCTs
conducted by pharmaceutical companies were mainly used as
evidences to support the new drug application. Most RCTs
would have chemotherapy as the control group. Direct evidence
compared among targeted inhibitors and ICIs is still lacking. For
example, BRAF inhibitors and PD-1 inhibitors have never been
directly compared. We encourage more RCTs of real-world study
be conducted in the future to focus on head-to-head comparisons
among targeted inhibitors and ICIs. Second, the outcomes in this
study were defined basing on CTCAE, because previous study
showed that data from the analysis of AEs by severity to define
serious AEs (SAEs) would be more informative (66). However,
the safety data provided to FDA for new drug applications usually
include only SAEs, which may not adequately reflect the safety
signal. We encourage more data from the analysis of AEs by
severity be reported in the future.

CONCLUSIONS

This current systematic review and NMA provides the most
comprehensive comparison of high-grade AEs between targeted
inhibitors and ICIs for the treatment of advanced melanoma.
Our results show that different systemic treatment options have
varying high-grade AEs and highlight the important risks of
BRAF/MEK, CTLA-4/chemo and PD-1/CTLA-4 in advanced
melanoma treatment.
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Melanoma is the deadliest skin tumor and is prone to distant metastases. The incidence of
melanoma has increased rapidly in the past few decades, and current trends indicate that
this growth is continuing. This study was aimed to explore the molecular mechanisms of
melanoma pathogenesis and discover underlying pathways and genes associated with
melanoma. We used high-throughput expression data to study differential expression
profiles of related genes in melanoma. The differentially expressed genes (DEGs) of
melanoma in GSE15605, GSE46517, GSE7553, and the Cancer Genome Atlas (TCGA)
datasets were analyzed. Differentially expressed genes (DEGs) were identified by paired
t-test. Then the DEGs were performed cluster and principal component analyses and
protein–protein interaction (PPI) network construction. After that, we analyzed the
differential genes through bioinformatics and got hub genes. Finally, the expression of
hub genes was confirmed in the TCGA databases and collected patient tissue samples.
Total 144 up-regulated DEGs and 16 down-regulated DEGs were identified. A total of 17
gene ontology analysis (GO) terms and 11 pathways were closely related to melanoma.
Pathway of pathways in cancer was enriched in 8 DEGs, such as junction plakoglobin
(JUP) and epidermal growth factor receptor (EGFR). In the PPI networks, 9 hub genes
were obtained, such as loricrin (LOR), filaggrin (FLG), keratin 5 (KRT5), corneodesmosin
(CDSN), desmoglein 1 (DSG1), desmoglein 3 (DSG3), keratin 1 (KRT1), involucrin (IVL),
and EGFR. The pathway of pathways in cancer and its enriched DEGs may play important
roles in the process of melanoma. The hub genes of DEGs may become promising
melanoma candidate genes. Five key genes FLG, DSG1, DSG3, IVL, and EGFR were
identified in the TCGA database and melanoma tissues. The results suggested that FLG,
DSG1, DSG3, IVL, and EGFR might play important roles and potentially be valuable in the
prognosis and treatment of melanoma. These hub genes might well have clinical
significance as diagnostic markers.
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INTRODUCTION

Melanoma is the most lethal tumor of skin tumors, and prone to
distant metastasis (1, 2). The incidence of melanoma has
increased rapidly over the past few decades, and current trends
indicate that this growth has still been continuing (3–5). Despite
encouraging trends related to improved screening and the
introduction of new therapies, melanoma remains a major
public health problem (6, 7). In 2020, there were approximately
100,350 newly diagnosed melanomas and 6850 deaths
worldwide (8).

There are currently an estimated 1.2 million melanoma
survivors in the United States alone (9). While many previous
studies have examined factors associated with survival (10–13),
exhaustive research on the pathogenic genes and markers of
melanoma pathogenicity remain scarcely. Data on tumor
markers of melanoma can generate important information that
can guide treatment, monitoring plans, and point the way for
future melanoma research.

In recent years, microarrays and high-throughput sequencing
technologies that detect the expression levels of tens of millions
of genes in humans have been widely used to predict potential
targets for melanoma treatment (14, 15).

Most current studies only focus on the results of a single
genetic event or a single cohort study of melanoma (16–18).
However, there is still no comprehensive multi-factor analysis
and treatment method (19–21). In this study, we have compiled
the GEO and TCGA databases in order to explore the key genes
and prognostic indicators of melanoma as comprehensively as
possible. Our results will promote our cognition of the genetic
etiology of melanoma and provide new insights into the clinical
diagnosis and treatment of melanoma.
MATERIALS AND METHODS

Data Searches
We conducted a search of Gene Expression Omnibus (GEO:
https://www.ncbi.nlm.nih.gov/geo/) for high-throughput
functional genomics experiments of melanoma. GSE15605,
GSE46517, and GSE7553 themicroarray expression profiling
datasets were downloaded from Gene Expression Omnibus.
These datasets were based on GPL570, GPL96, GPL570
Affymetrix Human Genome Array Platform, respectively. We
used the following search terms: melanoma, primary melanoma,
metastasis melanoma and skin cutaneous melanoma. Datasets
were screened for dataset record following the criteria: (1)
samples contained melanoma and normal skin tissue, (2) study
type was restricted to expression profiling by array, (3) organism
was restricted to Homo sapiens, (4) original data were accessible.
We excluded studies of less than five samples in each group. The
gene expression profiles meeting inclusion criteria were selected
from GEO database and TCGA (https://cancergenome.nih.gov/
abouttcga/overview) database. In addition, RNASeqV2 data for
cutaneous melanoma can be downloaded from the TCGA
database. Both GEO and TCGA have significantly increased
Frontiers in Oncology | www.frontiersin.org 230
our understanding of cancer. One very evident advantage of
GEO and TCGA is that data from different independent studies
can be integrated to get a large number of clinical samples based
on TCGA HNSC RNA-seq data and indicated good performance
for predicting 5-year overall survival. This powerful prognostic
marker was successfully verified in another independent
patients cohort.

Data Pre-Processing and Differential
Expression Analysis
Robust multi-array average (RMA) approach was performed
for background correction and normalization. Then, the
original GEO data were converted into expression measures
using Affy R package. Limma R package was subsequently
employed for identifying DEGs. For TCGA data, edgeR
package was used for DEGs screening. Adjusted p < 0.05 and
(∣logFC fold change∣) >2 were chosen as the cut-off criteria
based on Benjamini & Hochberg (BH) procedure (22).
Intersect function in R was applied for identifying the
common DEGs among GSE15605, GSE46517 and GSE7553
and TCGA. The Venn diagram was generated by Venn
Diagram R package.

Gene Ontology and Pathway
Enrichment Analyses
Gene ontology analysis (GO, http://www.geneontology.org/) was
used to identify characteristic biological attributes for DEGs (23).
Kyoto Encyclopedia of Genes and Genomes pathway (KEGG)
enrichment analysis was performed to identify functional
attributes for DEGs (24). We used online database for
annotation, visualization and integrated discovery (DAVID)
(25) and KEGG to access GO and pathway enrichment
analysis. p < 0.05 was set as the cut-off criterion.

PPI Network Construction
Functional interactions between proteins can provide support for
elucidating the molecular mechanisms of disease processes. In
our study, the search tool for the retrieval of interacting gene
(STRING) (26) database was utilized to construct PPI network.
In addition, Cytoscape software was applied to construct protein
interaction relationship network (27).

Hub Genes Identification
The Cytoscape was performed to scale degree and closeness of
the PPI network. The degree of a node is the average number of
edges (interactions) incident to this node. The genes at the top of
the degree distribution (≥ 95% percentile) in the significantly
perturbed networks were defined as hub genes.

Module Analysis of the PPI Network
Module analysis of the PPI network was performed with the
parameters of minimum size > 3 and P-Value < 0.01 using
ClusterONE, a Cytoscape plugin that unified different clustering
techniques and displayed them in a single interface.
October 2020 | Volume 10 | Article 581985
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Hub Genes Expression Level and
Survival Analysis
Gene-level correlations with patient survival were featured in
UALCAN (http://ualcan.path.uab.edu/analysis.html) (28).
Available TCGA patient survival data were used for Kaplan–
Meier survival analysis and to generate overall survival plots.

Immunohistochemistry
All clinical specimens used in this research were from the First
Affiliated Hospital of Henan University, including 63 cases of
melanoma tissues and matched adjacent normal skin tissues
obtained from patients who underwent surgery for melanoma or
other non-melanoma diseases. Histological diagnosis and tumor
stage were determined with immunohistochemical method
according to the 2004 World Health Organization guidelines for
classification. Paraffin sections (4 mm) were stained overnight with
rabbit anti-LOR, anti-FLG, anti-KRT5, anti-CDSN, anti-DSG1,
anti-DSG3, anti-KRT1, anti-IVL and anti-EGFR antibody (1: 50;
Abcam, UK) at 4°C. Secondary staining was then performed with
HRP-conjugated anti-rabbit or anti-mouse IgG using the
MaxVision kit and DAB Peroxidase Substrate Kit (Maixin,
China). Finally, all slides were stained with hematoxylin. The
irrelevant rabbit IgG was used as a control for the primary
antibody. All of these were evaluated by assessing staining
intensity and percentage of positive cells as follows: no staining
(0), weak staining (1), moderate staining (2), and strong staining
(3); percentage of positive cells <1% (0), 1–33% (1), 34–66% (2),
and 67–100% (3). The two scores for each slide were then
Frontiers in Oncology | www.frontiersin.org 331
combined to produce a final grade of the protein of target gene
expression(PTGE): 0, total score = 0; 1+, total score = 1–2; 2+, total
score = 3–4; 3+, total score = 5–6. The average score is used when
there exists a difference between the two pathologists. This study
was approved by the local ethics committee and written informed
consent was obtained from each patient.
RESULTS

Search Results and Study Characteristics
According to the inclusion criteria, three GEO datasets and
TCGA dataset were obtained in our study: GSE15605,
GSE46517, GSE7553, and TCGA skin cutaneous melanoma
data. DEGs 1,078, 407, 892, and 2,148 from the expression
profile datasets GSE15605, GSE46517, GSE7553, and TCGA
dataset were extracted, respectively. 160 consistently expressed
genes were identified by Venn analysis (Figure 1). Among them,
144 genes were up-regulated while 16 were down-regulated
compared to normal skin tissue (Table 1).

Gene Ontology Analysis
Gene ontology describes gene function and relationships
between these concepts. P < 0.01 was used as the cut-off
criterion. DEGs were classified into the biological process:
pathways and larger processes made up of the activities of
multiple gene products. After GO enrichment analysis, we
found that 160 DEGs were enriched in 17 GO terms
FIGURE 1 | One hundred sixty differentially expressed genes (DEGs) were identified from four datasets. Among them, 144 genes were up-regulated while 16 genes
were down-regulated. Different color areas represented different datasets. The cross areas meant the commonly changed DEGs.
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(biological process). Among them, the most enriched GO terms
were epidermis development (p=1.88E-17), keratinocyte
differentiation (p = 9.90E-10), keratinization (p = 3.40E-06)
and establishment of skin barrier (p = 1.49E-05) (Figure 2).

Pathway Enrichment Analysis
Pathway enrichment analysis was carried out by online websites
of KEGG, a database was applied to assign sets of DEGs to
specific pathways. p < 0.05 was used as the cut-off criterion. After
pathway enrichment analysis, we found that 160 DEGs were
enriched in 11 pathways. Among them, DEGs were mainly
enriched in the pathways in cancer (p = 0.03), transcriptional
misregulation in cancer (p = 0.01), Rap1 signaling pathway (p =
0.02) and Ras signaling pathway (p = 0.03) (Figure 3).

PPI Network Analysis
We obtained a PPI network from STRING to describe protein
interactions (Figure 4). Based on the information obtained from
the STRING database, a PPI framework with 160 nodes and 385
edges was generated, and its local clustering coefficient was 0.45.
The results of computed hub genes were shown in the Table 2,
including LOR, FLG, KRT5, CDSN, DSG1, DSG3, KRT1, IVL,
and EGFR.

Module Analysis of the PPI Network
To study and identify the function of the overlapping DEGs in
detail, cluster analysis of the PPI network was conducted based
Frontiers in Oncology | www.frontiersin.org 432
on the ClusterONE Cytoscape plugin, an important tool for the
analysis of densely connected and possibly overlapping regions
within the Cytoscape network, which would contribute to the
classification of protein network and relevant analysis. There
were a total of 23 functional modules given and the most
significant module (node = 29, density = 0.4335, p-value =
1.01E-8, Figure 5A) was selected for further analysis of
functions and pathways to deeply understand the melanoma
progression. To further verify the accuracy of this inference, the
module genes were submitted into DAVID to perform the KEGG
pathway enrichment analysis. The results showed that they were
significantly enriched in the renin secretion signaling pathway,
epidermal development, keratinocyte differentiation, peptide
cross-linking, keratinization and single biological cell adhesion,
among other processes shown, p < 0.05 (Figure 5B).

Hub Genes Expression Level and Survival
Analysis
Using UALCAN, we verified gene expression level of hub genes
in 1 normal tissue, 104 primary tissues, and 368 metastasis
tissues from TCGA database. Through this analysis, we found
that LOR, FLG, KRT5, CDSN, DSG1, DSG3, KRT1, and IVL
were closely related to the metastasis of melanoma (p < 0.01)
(Figures 6A–I). Kaplan–Meier survival analyses showed that
FLG, KRT5, DSG1, DSG3, and IVL expression levels were
significantly associated with melanoma patient survival (p <
0.01) (Figures 6J–R).
TABLE 1 | 160 differentially expressed genes (DEGs) were identified from datasets.

DEGs

Up-
regulated
genes

LOR KRT15 GATA3 FLG PKP1 LGALS7B LGALS7 FGFR3 POF1B EFNA3 CST6 KRT2 CDSN COL17A1 DSG1 TRIM29 LY6D SCEL SERPINB5 TACSTD2
LCE2B PPL DSC1 SFN RAPGEFL1 CRCT1 KLK11 KRT23 CCL27 IL37 CA12 C1orf116 KRT1 KLF5 CALML5 PTK6 KRT5 DSC3 HOPX CLCA2 EVPL
CHP2 FGFR2 JUP CWH43 ZNF750 POU2F3 ELOVL4 LYPD3 S100A14 KLK5 ANK3 EPHB6 SERPINB7 AIM1L RORA EGFR CXCL14 ANXA8 ANXA8L1
BBOX1 SCNN1A GJB5 ALDH3B2 CXADR PSORS1C2 ADIRF CYP4B1 PERP KLK10 AQP3 KLK7 HAL ASS1 SDC1 EPHX3 TP63 AZGP1 CYP3A5
RAB25 CALML3 KCNK7 EXPH5 TACC2 SPINK5 NEBL DSG3 ADH1B FERMT1 PKP3 DUOX1 CEBPA SLC24A3 ALOX15B CDS1 PTPRF HLA-DQB2
ARHGEF4 GJB3 PDZD2 CLEC3B NMU SPINT2 BCL11A LY6G6C MMP28 C1orf68 SCGB1D2 GPR87 F2RL1 DEFB1 LAD1 LAMB4 MAOA ALOXE3
PAMR1 NTRK2 SLC15A1 ARG1 KRT19 HLF C1orf106 PDZK1IP1 PALMD RNF39 PPP1R13L AIM1 ACSBG1 AKR1C2 PLLP NPY1R AP1M2 KRT31
KRT7 FAT2 PTGS1 IVL CDHR1 ZBTB16 SCNN1B IRF6 ATP2C2 IRX4 ACSL1

Down-
regulated
genes

TRIB2 SLC16A4 SNX10 BCL2A1 AP1S2 ALX1 UPP1 PHLDA1 SOX10 ETV5 PLAT LEF1 CITED1 IGF2BP3 SERPINE2 SPP1
Among them, 144 genes were up-regulated and 16 genes were down-regulated.
FIGURE 2 | Gene ontology analysis of DEGs. X-axis reflects gene count (n); Y-axis reflects different GO terms. The column value reflects p value (− log10(P Value)):
the highest bar represents the biggest − log10(P Value) value (*p < 0.01). We only show terms with p-values less than 0.01 in the figure.
October 2020 | Volume 10 | Article 581985

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Han et al. Key Genes Affecting Melanoma Progression
Detection of Hub Genes Related Protein
Expression by Immunohistochemistry
In order to determine the expression of hub genes in human
melanoma, we used immunohistochemical methods to detect the
expression of the protein corresponding to hub genes. We detected
Frontiers in Oncology | www.frontiersin.org 533
the expression level of hub genes in 63 pairs ofmelanoma specimens
(melanoma and adjacent normal tissue) by immunohistochemistry
(Figure 7). The results showed that the expressions of FLG, DSG1,
DSG3, IVL, and EGFR were considerably higher than those of
adjacent normal tissues (P <0.05) (Figures 7B, E, F, H, I).
FIGURE 3 | Significantly enriched pathway terms of DEGs. X-axis reflects p value [− log10(p value)]. Y-axis reflects different passway terms. The node size reflects
gene count: the bigger the gene count, the bigger the node size is (*p < 0.05). We only showed items with p-values less than 0.05 in the figure.
FIGURE 4 | PPI network of DEGs. Each node is a differentially expressed gene (protein). A red node represents an up-regulated gene (protein). A green node
represents a down-regulated gene (protein). The node size reflects node degree: the bigger the degree value, the bigger the node size is.
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DISCUSSION

Melanoma is a progressive disease that requires effective
prognostic indicators for diagnosis and treatment. In recent
years, effective computational models have been constructed to
identify disease-related mRNAs. However, most research has
focused on using cell lines or animal models to intervene at the
level of a single gene, protein, or miRNA (29, 30). Some
commercial genetic testing kits for multi-center joint testing
are still not comprehensive enough and still have deficiencies,
and cannot effectively serve the purpose of detecting and
discovering melanoma (31). For example, for clinicians
currently using DecisionDx-melanoma, the integration of the
results with the new AJCC staging standard is not clear,
especially if the results of the 31 gene expression profile tests
are inconsistent with the sentinel lymph node biopsy status
(31). In our study, we used high-throughput expression data to
study differential expression profiles of related genes in
melanoma. We analyzed tumor and normal skin samples
from patients in the GEO and TCGA databases to explore
abnormally expressed genes in melanoma. The results showed
that 160 differentially expressed genes were selected, including
144 up-regulated genes and 16 down-regulated genes. Later, we
Frontiers in Oncology | www.frontiersin.org 634
identified hub genes and pathways in melanoma based on the
use of bioinformatics methods. We integrated 4 original
microarray datasets and identified 160 frequently changed
DEGs. DEGs were mainly enriched in 17 biological processes
by GO terms, of which epidermis development, keratinocyte
differentiation, keratinization, and establishment of skin
barrier were the most obvious. KEGG pathway enrichment
analysis showed that DEGs were mainly enriched in 5 signaling
pathways, of which pathways in cancer, transcriptional
misregulation in cancer, Rap1 signaling pathway and Ras
signaling pathway were the most significant. In particular,
the pathway of pathways in cancer was enriched by 8 DEGs,
such as EGFR and JUP. EGFR (degree = 21) and JUP (degree =
19) were important key node genes in the PPI network. The
results of our study suggested that these genes and pathways
may play critical roles in the progression of melanoma. For
instance, EGFR, as an essential receptor of transforming
growth factor alpha, has attracted widespread attention.
Previous studies have found that the frequency of oncogenic
mutations in the EGFR gene is closely related to the occurrence
of melanoma (32–34). In addition, EGFR has been proposed as
an important molecular target for the treatment of cancer,
wh i ch ha s p romo t ed th e de v e l opmen t o f EGFR
pharmacological inhibitors (35, 36). Therefore, we speculated
that EGFR may be a candidate gene in pathways in cancer of
melanoma. Further, we used the TCGA database to detect the
expression of hub genes. However, the sample size of non-
melanoma normal tissues in the TCGA database is too small,
with only one normal sample. When comparing tumor samples
to normal samples, small sample sizes may cause inaccuracies,
and we only compare primary and metastatic melanomas. The
results showed that the expression of LOR, FLG, KRT5, CDSN,
DSG1, DSG3, KRT1, and IVL in these nine hub genes were
significantly different. In addition, we also explored the
survival analysis of hub genes through the TCGA database.
The results of the survival analysis showed that FLG, KRT5,
DSG1, DSG3, and IVL of the nine central genes were notably
TABLE 2 | The statistical results of connectivity degrees of the PPI network.

Gene Degree

LOR 26
FLG 25
KRT5 24
CDSN 24
DSG1 22
DSG3 22
KRT1 21
IVL 21
EGFR 21
The gene in the table is the symbol of the protein (gene). Degree stands for the connectivity
degree of the gene.
A B

FIGURE 5 | Functional enrichment analysis of the most important modules in PPI networks. The most significant module in the PPI network (A). Nodes stand for the
proteins (genes), and edges stand for the interactions of proteins. The GO analysis of the most significant module (B). The left ordinate of histogram represents the
gene counts, and the right represents the p-value. BP stands for biological process; and Pathway stands for cell signaling pathway.
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FIGURE 6 | (A-I) Expression profile based on major sample types of hub genes using 473 patients data from TCGA database (*p < 0.01). (J-R) Kaplan-Meier
survival plot of hub genes using 459 melanoma patients data from TCGA database (*p < 0.01).
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FIGURE 7 | Immunohistochemical staining of hub genes in melanoma tissues and matched adjacent normal tissues. Representative examples of immunohistochemical
assessment of hub genes (proteins) expression in melanoma tissues and matched adjacent normal tissues (magnification 200x), *p < 0.05 (ns, no significance).
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related to the survival time of patients. Finally, based on the
survival analysis, we performed clinical specimen validation
using immunohistochemistry. The results showed that the
expressions of FLG, DSG1, DSG3, IVL, and EGFR were
markedly higher than those of adjacent normal tissues. These
studies indicated that we got the key genes FLG, DSG1, DSG3,
IVL, and EGFR that could affect melanoma development. We
further discussed hub genes expressed in melanoma patient
tissues. Filaggrin, a highly abundant protein of the stratum
corneum, draw considerable attention after the discovery of its
role in the aetiology of atopic dermatitis (37). Currently, Kezic
S. has reported that FLG may serve as a potential biomarker for
a reduced risk of melanoma (38), however, there are limited
reports about the associations between FLG and melanoma.
Thus, we can speculate that FLG may also play an important
role in the melanoma progression as well as EGFR. Desmoglein
belongs to the cadherin family, DSG1 and DSG3 are both
members, and its intracellular part binds to intracellular
anchoring proteins (39, 40). Li G et al. found that
desmoglein and E-cadherin together act as an adhesion
between factors, especially when melanoma cells proliferate,
the expression of desmoglein and E-cadherin decreases (41).
Das A et al. found that T-type calcium channel blockers inhibit
autophagy and promote apoptosis of malignant melanoma
cells (42). Therefore, calcium signaling pathway may be a
disease-targeting in melanoma clinical trials. IVL is a soluble
cytosolic protein with a molecular weight of 68KD (43). It is a
substrate for glutamine transferase of keratinocytes and plays a
role in the formation of epidermal keratinizing envelope (43,
44). IVL is synthesized in the spinal cell layer and cross-linked
with granulosa cells under the action of glutamine transferase
to form an important structural support for the skin barrier
(45). At present, IVL is mostly used as a marker protein to
study skin keratinocyte differentiation (46, 47). However, there
are few reports of the associations between integrin and
melanoma (48, 49). In view of its important role in
maintaining skin function, we can speculate that IVL may
also play an important role in the progression of melanoma.
Although the research on key genes of melanoma has been
studied, they are not comprehensive enough and lack of
experimental verification (50, 51). In this study, a combined
analysis of biology and experiment was used in order to
have a more comprehensive and in-depth understanding
of melanoma.

These limitations should be recognized by the current
research. Firstly, in this study, only 160 DEGs were included.
The prognostic Hub genes identified here may not represent all
DEGs candidates that were potentially correlated with
melanoma overall survival. Furthermore, this consideration
does not include the location and stage of melanoma, because
the information was not available for a considerable
proportion of cases. At the same time, the functions of
these eight Hub genes were inferred by bioinformatics
analysis, and their biological roles in the development of
melanoma were still unclear and should be explored in
further experimental demonstration.
Frontiers in Oncology | www.frontiersin.org 836
CONCLUSION

In summary, we identified a signature of eight hub genes, which
predicted the overall survival in four independent testing sets.
Moreover, these hub genes were involved in cancer pathways,
transcriptional dysregulation signaling pathways in cancer, Rap1
signaling pathway and Ras signaling pathway. These hub genes
might well have clinical significance as diagnostic markers. This
research was the first analysis of differential genes in melanoma
and matched normal tissue samples. However, the biological
roles of these eight hub genes in the occurrence and development
of melanoma need further study.
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Melanoma is the most lethal form of skin cancer in the United States. Current American
Joint Committee on Cancer (AJCC) staging uses Breslow depth and ulceration as the two
primary tumor factors that predict metastatic risk in cutaneous melanoma. Early disease
stages are generally associated with high survival rates. However, in some cases, patients
with thin melanomas develop advanced disease, suggesting other factors may contribute
to the metastatic potential of an individual patient’s melanoma. This review focuses on the
role of the lymphatic system in the metastasis of cutaneous melanoma, from recent
discoveries in mechanisms of lymphangiogenesis to elements of the lymphatic system
that ultimately may aid clinicians in determining which patients are at highest risk.
Ultimately, this review highlights the need to integrate pathological, morphological, and
molecular characteristics of lymphatics into a “biomarker” for metastatic potential.

Keywords: lymphatics, melanoma, metastasis, lymphangiogenesis, transport
INTRODUCTION

Melanoma is responsible for the majority of skin cancer related deaths in the United States. Despite
an increased incidence in the United States, melanoma mortality has decreased significantly in the
past few years (1). However, metastatic melanoma still carries a poor prognosis. The American Joint
Committee on Cancer (AJCC) staging system, 8th edition, has identified Breslow depth and
ulceration as important predictive factors of survival in patients with melanoma (2). When detected
at an early stage, melanoma can be treated with wide local excision and staged with sentinel lymph
node biopsy. However, more advanced disease requires a multidisciplinary approach that often
includes systemic therapy—from targeted treatments (BRAFi) to checkpoint inhibitors (3).
Nonetheless, up to 15% of patients who have thin melanomas ultimately develop metastatic
disease (4, 5). The best way to identify these high-risk patients, manage their nodal basin, and
improve their survival remains controversial (5). Therefore, further study is needed to improve risk
stratification and staging of melanoma.

Melanoma preferentially metastasizes to lymph nodes, leading to hypotheses that it spreads
through the lymphatic vasculature (4). However, the exact mechanisms of lymphatic invasion and
metastasis are not well-defined. Recently, experimental models have been developed that explore the
role of growth factors—such as VEGF-C—in lymphangiogenesis and eventual melanoma metastasis
(6). Furthermore, several studies have closely analyzed the alterations that occur in the lymphatic
system in response to melanoma, including changes in vessel size, density, and transport kinetics
(7–9). Together, these studies have suggested that the lymphatic system likely has an essential
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https://www.frontiersin.org/articles/10.3389/fonc.2020.576190/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.576190/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:ashleyholder@uabmc.edu
https://doi.org/10.3389/fonc.2020.576190
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2020.576190
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2020.576190&domain=pdf&date_stamp=2020-11-27


Suresh et al. Lymphatics Predict Melanoma Metastasis
function in melanoma metastasis. This review will assess how the
lymphatic system may contribute to metastasis of cutaneous
melanoma, specifically focusing on factors that predict metastatic
potential and can be integrated into a lymphatic “biomarker.”
LYMPHATIC DENSITY, LYMPHATIC
INVASION, AND MELANOMA
METASTASIS

Given that melanomas often spread to lymph nodes, others have
hypothesized that melanomas that are likely to metastasize would
demonstrate increased lymphatic vessel density (LVD). Early
attempts to study lymphatic vasculature in melanoma were
limited by the challenge of distinguishing blood vessels from
lymphatics, leading some initial studies to conclude that
lymphatic density was unchanged in metastatic melanoma (10).
Once antibodies specific for lymphatic vasculature in the skin, such
as LYVE-1, were developed, investigating lymphatics was possible
(7).To test thehypothesis that tumors thatmetastasize to the lymph
nodes would show increased lymphatic density, Shields et al.
compared lymphatic density in melanoma to: 1) normal dermis,
2) basal cell carcinoma (BCC), and 3) Merkel cell carcinoma
(MCC). Both intratumoral and epitumoral lymphatic density
were found to be substantially increased in melanoma relative to
BCC or MCC, suggesting that lymphatic density is increased in
tumors thatpreferentiallymetastasize to lymphnodes. Furthermore,
increased lymphatic density was found to be associated with
melanomas that were more likely to metastasize than those that
were not. Finally, melanomas included in their study that had both
vascular and lymphatic invasion were frequently metastatic. These
results point to the possible value of utilizing both lymphatic vessel
density and lymphovascular invasion as important predictive
features in assessing metastatic potential.

Together, these observations were incorporated into the Shields
index, a predictive metric based on lymphatic invasion, lymphatic
density, and Breslow thickness to the metastatic potential of an
individual melanoma. While the initial Shields et al. study had a
relatively small sample size of 21 melanomas, several subsequent
studies have reported that increased lymphatic density leads to a
poorprognostic outcome (4, 7, 11, 12).BothEmmett etal. andSpiric
et al. attempted to use the Shields index to predict whether a
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melanoma was likely to metastasize (Table 1). In a retrospective
reviewof102melanomas,Emmett et al. found that theShields index
was the best technique for discriminating between metastatic and
non-metastatic melanomas, followed by lymphatic vessel density
alone, AJCC staging, and Breslow thickness (4). Similarly, Spiric
et al. reviewed 100melanoma specimens and found that the Shields
index performed better than either melanoma thickness or AJCC
staging at predicting metastatic potential of melanoma (7, 11).

Nonetheless, the role of lymphovascular invasion as a unique
predictive value in determining metastasis is unclear. A review of
1,029 melanomas from the Melbourne Melanoma Project found
lymphatic invasion to be a significant predictor of recurrence (13).
However, other studies concluded that lymphatic invasion is not a
significantlyuniquepredictorofmelanomametastasis (14–19).More
recent national cancer database analyses demonstrated that
lymphovasacular invasion by histopathological analysis is an
independent predictor of sentinel lymph node metastasis in
patients with T2 (20) but not T1 (17) melanoma, while a European
multi-institutional study suggested that lymphovascular invasionwas
an independent predictor of sentinel lymph node metastasis in
patients with T1b melanoma (21). The discrepancies in these
findings reveal the complexity of dissecting the role of
lymphovascular invasion in metastasis. Notably, several studies that
foundno association between lymphatic invasion andmetastasis had
large sample sizes, further contributing to this controversy (Table 2).

These studies suggest that lymphatic vessel density (LVD)
and the Shields index are valuable predictive tools. One possible
reason that LVD has not been adopted as a predictive factor in
clinical practice is the time-intensive nature of the procedure. In
their comparison of different methods of identifying LVD,
Emmett et al. compared the traditional Shields method to the
“hot spot method.” In the traditional Shields method, every
lymphatic within 350 µm of the tumor edge is counted. The
hot spot method requires that only three areas of subjective high
lymphatic density are counted and then averaged. When
compared, the time to complete the traditional Shields method
was 19 min per slide, while the hot spot analysis was only 5.5 min
(7). Despite being about four times faster, the hot spot method did
not yield a Shields index that was significantly different than the
traditional method. However, even the more cumbersome method
of calculating lymphatic vessel density has the potential to provide
important prognostic information for melanoma patients.
TABLE 1 | The Shields index to predict metastatic potential of cutaneous melanoma.

Authors Sample
size

Design Epitumoral lymphatic vessel density
method

Outcome

Shields
et al. (7)

21 Retrospective Complete
• All lymphatics counted
• x40 objective
• 350 µm from tumor edge

Index predicted metastasis more effectively than thickness alone

Emmett
et al. (4)

102 Retrospective Complete and hotspot
• x100 objective
• Three areas of subjectively high density

were counted and averaged

Hotspot faster but comparable
to complete method
Shields index (81% specific, 82% sensitive) predicted metastasis more effectively
than lymphatic vessel density and AJCC staging

Spiric
et al. (11)

100 Retrospective Hotspot Shields index (75% specific, 81.3% sensitive), performed better at predicting
metastasis than thickness and AJCC staging
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MECHANISMS OF LYMPHANGIOGENESIS

The mechanism of tumor spread from the primary to the sentinel
lymph node has been investigated in both animal models and
patients (Table 3). Studies have demonstrated that tumor-
draining lymph nodes enlarge prior to clinical evidence of
metastasis (8). However, the specific alterations and mechanisms
that lead to these changes are poorly understood.

VEGF-C has been studied extensively for its role in melanoma
growth and metastasis. Hoshida et al. evaluated lymphatic drainage
in C57BL/6 mice injected with the B16F10 murine melanoma cell
line using intravital microscopy. To confirm prior reports that
VEGF-C is involved in lymphangiogenesis, their team developed
VEGF-C overexpressing cell lines and noticed that tumor cell
delivery and lymph flow rate increased in the draining lymph
nodes in models of this cell line (22). This finding was largely
confirmed by Harrell et al. who injected B16F10 into the footpad of
C57BL/6mice and noted a dramatic increase in the size of lymphatic
sinuses and flow in the draining lymph node (23). Interestingly, the
study did not identify any alterations in the lymphatics immediately
adjacent to the tumor. Their result is inconsistent with findings in
human patients but may be related to the creation of the murine
model compared to primary melanomas from patients (4, 7, 11).
Finally, blocking the VEGF receptor-3 (a key receptor of VEGF-C)
in a murine B16F10 melanoma model inhibited lymphangiogenesis
and immunosuppressive cell infiltration, further suggesting that
Frontiers in Oncology | www.frontiersin.org 341
VEGF-C plays an important role in the growth of lymphatic
vessels in response to tumor (6). Furthermore, in a similar murine
model, the expression of VEGF-C was associated with infiltration of
immunosuppressive cells, including regulatory T cells into the
primary tumor (24). Tumors with VEGF-C expression were
shown to suppress naïve T cell activation in the draining lymph
node, even more strongly than preexisting vaccine-induced
immunity (24).

It is important to note that several of the aforementioned
studies employ a syngeneic B16F10 melanoma model, which
have been previously shown to have differences in vascularity
and other structural irregularities compared to human
melanoma (27). In addition, differences in the immunogenicity
and genetic background (lack of BRAF mutation) have called
into question the applicability of this murine melanoma model
(28, 29). Therefore, the biology revealed from research using
these models may not translate to patients.
LYMPHATIC VESSELS AND THE TUMOR
MICROENVIRONMENT

Given the role of lymphatic vessels in regulating immunologic
tolerance in normal environments, Lane et al. hypothesized that
they may regulate tumor environments (25). Their results from
TABLE 3 | Mechanistic studies evaluating melanoma metastasis.

Authors Model Key findings

Hoshida et al.
(22)

B16F10 melanoma with
C57BL/6 mice

VEGF-C overexpressing cell lines increased tumor cell delivery and flow rate

Qian et al. (8) Human NPC cell line in
BALB/c mice

Tumor-draining lymph nodes can enlarge prior to evidence of metastasis

Harrell et al. (23) B16F10 melanoma with C57BL/6 mice Increase in size of lymphatic sinuses and flow in draining lymph node of tumor
Fankhauser
et al. (6)

B16F10 melanoma model Blocking VEGF Receptor-3 inhibited lymphangiogenesis and immunosuppressive cell
infiltration

Lund et al. (24) B16F10 melanoma with C57BL/6 mice VEGF-C associated with infiltration of Treg into primary tumor; tumors with VEGF-C expression
suppressed naïve T cell activation

Lane et al. (25) C57BL/6J mice with B16F10.OVA, MC38,
YUMM1.7, YUMMER1.7 cells

Lymphatic endothelium plays a critical role in creating an immunosuppressive environment
permitting tumor growth

Commerford
et al. (26)

B16F10 melanoma with BALB/c and C57BL/6 mice Adhesion genes such as Jam3 or integrin aIIb differentially regulated in tumor draining lymph
nodes
TABLE 2 | Studies concluding that lymphatic invasion does not predict metastasis.

Authors Sample size Staining technique Outcome

Pettit et al. (16) 27
10 specimens
with LI

D2-40/S-100 dual
Immunohistochemistry

Lymphatic Invasion (LI) not associated with SLN metastasis

Egger et al. (17) 6894
T1b
Melanoma specimens
107 specimens with LI

n/a LI not a significant predictor of metastasis in T1b melanoma

Storr et al. (18) 202 specimens of thickness
≥ 0.75mm
27 specimens with LI

D2-40/CD34 No association with clinical outcome (relapse free or overall survival)

Rose et al. (19) 246 specimens
(18% with LI)

D2-40/CD34 LI not significant predictor of SLN
status
LI, lymphatic invasion.
November 2020 | Volume 10 | Article 576190

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Suresh et al. Lymphatics Predict Melanoma Metastasis
murine models found that non-hematopoietic PD-L1 is expressed
in lymphatic endothelial cells (LEC), limiting CD8+ T cell
accumulation. They further established that IFNg released by
activated CD8+ T cells can induce PD-L1 expression in LECs and
that loss of IFNg receptor leads to increased T cell accumulation.
These results suggest that the lymphatic endothelium has a critical
function in developing an immunosuppressive environment that
permits tumor growth. Implantation of B16F10 into B lymphocyte-
deficient mice demonstrated that lymphatic network size and flow
did not increase in the draining lymph nodes (23). Furthermore,
primary tumors implanted into the footpad of mice were noted to
attract myeloid cells and macrophages, but the tumor draining
lymph nodes would accumulate T and B lymphocytes, suggesting
that B lymphocytes are critical for the changes observed in distant
lymph nodes (23). Together, these results suggest that
immunosuppressive effects of melanoma are complex and
mediated by B lymphocytes, lymphatic endothelium, and growth
factors such as VEGF-C.

From these studies, targeting VEGF-C was considered to be a
promising approach for decreasing metastasis in melanoma.
However, the AVAST-M trial using adjuvant bevacizumab for
melanoma patients failed to identify a significant difference in
survival at 5 years (30, 31). Findings from studies, including
Fankhauser et al., suggest that the effect of immunotherapy is
potentiated in tumors that cause increased lymphangiogenesis.
In a murine model, adoptively transferred ex vivo activated
CD8+ T cells were able to respond to tumors in which VEGF-
C was expressed compared to tumors where VEGFR-3 was
blocked (6). To extrapolate their findings beyond mice, the
sera of human metastatic melanoma patients were tested for
VEGF-C. Consistent with their findings in murine models,
higher VEGF-C concentrations correlated with response to
immunotherapy and progression free survival.

Future studies may identify additional therapeutic targets of the
lymphatic system in melanoma metastasis. Commerford et al.
performed RNA sequencing of the LECs in the tumor draining
lymph node of mice injected with B16F10melanoma and compared
it to normal LECs (26). Cell-cell and cell-matrix adhesion genes such
as Jam3 or integrin aIIb were differentially regulated in the tumor-
draining lymph node, suggesting that LECs in tumor-draining
lymph nodes are altered at a transcriptional level. These results
could identify potential future targets to prevent lymphangiogenesis
in metastatic melanoma. Additional research needs to be performed
to translate these mechanistic insights in routine clinical practice.
Generally, the biomarkers associated with melanoma metastasis are
diluted in a routine blood draw, limiting their use (32). Broggi et al.
described use of postoperative lymphatic exudate and plasma in
stage III melanoma patients as a way to collect biomarkers including
factors not only associated with melanoma (LDH, S100B, S100A8)
but also linked to metastatic potential (CSF-1, galectin-3, MMP2-
MM-9). While this method could be used in patients with advanced
disease, the difficulty of accessing lymphatic exudate limits its use in
earlier stagemelanomas in which extensive lymph node dissection is
not typically performed.

Furthermore, recent research has shown that the tumor
microenvironment could potentially be affected following
Frontiers in Oncology | www.frontiersin.org 442
surgical alterations. Following inoculation of B16F10 melanoma
cells into BALB/c mice, Nakamura et al. performed bilateral
inguinal lymph node resection or a U-incision and noted that
tumor growth was significantly increased in mice with surgical
damage (33). Upon further histologic analysis of the tumor, they
noted that both the total number of CD4+ and CD8+ T cells and
apoptotic cells were significantly reduced in the mice that
underwent surgical intervention. These observations were also
seen when using an immunogenic tumor cell line (MC38).
Therefore, adaptive immunity mechanisms may be impaired by
the disruption of lymphatic vasculature following surgery, due to
impaired transit of tumor antigens through lymphatic vasculature
to regional lymph nodes and subsequent expansion of tumor-
specific T-cells.
LYMPHATIC TRANSPORT KINETICS

The kinetics of lymphatic transport have also been studied for
prognostic applications in melanoma (Table 4). In a prospective
trial of 276 patients, technetium-99m based lymphoscintigraphy
was used to determine whether a patient had fast (less than
20 min) or slow (greater than 20 min) lymphatic transit (34). In
this small feasibility study, all patients with slow drainage were
found to be disease-free at 2 year follow-up. Later studies
attempted to determine whether this scintigraphic appearance
time (SAT) would be a reliable factor to distinguish melanomas
based on their metastatic potential. Cammilleri et al. performed
lymphoscintigraphy on 88 subjects with limb and trunk
melanomas and retrospectively was able to determine that an
SAT greater than 30 min correlated with a negative predictive
value of 100% for the sentinel lymph node (35). These early
studies suggested that a retrospective distinction could be made
between SLN positive and SLN negative patients based on SAT
time. However, whenMahieu-Renard et al. applied a SAT time of
30 min in a prospective cohort of 150 patients, the study yielded a
negative predictive value of only 84.6% (65.1–95.6%) (36). It is
slightly surprising that a lymph node containing tumor might
have faster drainage, given that tumor infiltration of lymph
nodes would theoretically cause an obstruction of flow (36),
but likely the flow is unobstructed until large amounts of tumor
are present. However, as shown previously, metastatic melanoma
has been shown to significantly increase peritumoral lymphatic
density (7) and increase the size of tumor draining lymph
vasculature (23), factors that would likely contribute to
increased transport flow capacity. Furthermore, metastatic
melanoma is likely to result in an increase in activated
macrophages (23), leading to increased scintigraphic uptake.

More recently, Fujiwara et al. described the use of the area
extraction method to evaluate lymphatic kinetics in patients with
truncal melanoma (9). The method utilizes technetium-99m
phytate to perform dynamic lymphoscintigraphy and uses a
gamma camera to acquire images and develop time activity
curves (plotting tracer counts against time). Using this data,
the researchers were able to identify a plateau, which they
established as the scintigraphic saturation time (SST).
November 2020 | Volume 10 | Article 576190
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Compared to the prior efforts of estimating SAT which were
primarily based on researcher visualization, the SST represents a
more reproducible method since it does not depend on the
researcher’s visualization. To determine the lymphatic transit
rate (LTR), the distance between the primary tumor and the SLN
(using real-time fluorescence navigation with indocyanine green)
was calculated and then divided by the SST. Together, the LTR
and SST were found to be significant in determining the status of
the sentinel lymph node in patients with melanoma (9).

While there is evidence to support the notion that SAT can
possibly determine the likelihood of sentinel lymph node
positivity, some studies have contrarily suggested that there is
no significant difference in SLN metastasis and speed of
lymphatic transport. For example, Toubert et al. found in a
cohort of 160 patients that there was no difference in metastatic
SLN based upon speed of drainage using dynamic acquisition
and static imaging divided into fast (<20 min), intermediate (20–
30 min) or slow (>30 min) lymphatic drainage (37).
Lymphoscintigraphy and lymphatic transport are factors that
are difficult to standardize, which could account for the
differences in procedures. Lymphatic transport can be affected
broadly by several factors including age (38), weight (39),
musculature, changes in Starling forces, and body position
(40). The size of the colloid also significantly affects the SAT.
Both Camilleri et al. and Toubert et al. used the same colloid
(99mTc-rhenium sulfide) and therefore utilized the same SAT in
their respective studies. Maza et al. used a 99mTc-nanocolloid,
accounting for the difference in SAT (34). Both of these colloids
were smaller than the 99mTc-phytate employed by Fujiwara
et al. (9).

Furthermore, the transit time of lymphatic fluid varies greatly
based on region of the body. Specifically, lymphatic drainage
rates are significantly lower in the head and neck relative to the
extremities (41). Additionally, the use of lymphoscintigraphy in
the head and neck or perineal region can be obscured by shine-
through (9). Therefore, any protocol developed regarding the use
Frontiers in Oncology | www.frontiersin.org 543
of SAT as a predictive marker of SLN metastasis will require an
individualized approach based on these factors to yield
consistent, reproducible results. The area extraction method
developed by Fujiwara et al. appears to be a standardized way
of evaluating SST and LTR (9). However, their technique
required multiple and frequent imaging. Nonetheless,
techniques for assessing lymphatic transport efficiency will
require standardization prior to integration into staging
guidelines for melanoma, as differences in technique would
likely result in discrepancies in the predictive value of
these approaches.
DISCUSSION

The lymphatic system makes a critical contribution in melanoma
metastasis. Recent studies have suggested that factors like VEGF-
C and the lymphatic endothelium itself play an important role in
altering the immune system to support melanoma metastasis (22,
25). While these studies often rely on B16F10 melanoma models
that may not accurately replicate human biology, their findings
may ultimately yield important mechanistic insights. Several
studies have suggested that using lymphatic vessel density and
lymphatic invasion in the Shields index may aid in determining
the metastatic potential of melanoma (4, 7, 11),. Furthermore,
utilizing lymphatic transport kinetics as a predictive factor
appears to be a promising area of research (9, 35).

While these studies represent important steps toward
understanding the role that the lymphatic system plays in the
growth and metastasis of cutaneous melanoma, there are still
several areas that require further study. The original Shields
index was validated as a meaningful predictor of melanoma
metastasis by the work of Emmett et al. and Spiric et al. (4, 11).
However, all studies to date performed on the Shields index are
retrospective in nature; thus, a prospective study is needed to
TABLE 4 | Studies evaluating lymphatic transport kinetics as predictive of sentinel lymph node metastasis.

Authors Samplesize Location of mela-
noma

Melanoma
features

Type of
melanomaa

Design Colloid Time
cutoffsb

Variablec Resultsd

Maza et al.
(34)

276 Trunk, lower limbs,
upper limbs, head/
neck

pT1-T4 SS, NM,
LM, AL

Prospective Tc-99
nanocolloid

20 min SAT No SLN metastasis in slow
drainage
group

Cammilleri
et al. (35)

88 Trunk, upper limb,
lower limb

Stage I and
II

n/a Prospective Tc-99m colloidal
rhenium sulfide

30 min SAT No SLN metastasis in slow
drainage
group

Mahieu-
Renard et al.
(36)

Retro:
194
Prosp:
150

Limbs, trunk, hands/
feet, head/neck

Breslow:
≤1mm-
>4mm

SS, NM, AL,
LM

Retrospective,
prospective

Tc-99m colloidal
rhenium sulfide

30 min SAT Slow lymphatic drainage
had a
negative predictive value of
84.6%

Fujiwara
et al. (9)

11 Trunk n/a SS Retrospective Tc-99m phytate 30 min SST, LTR All SLNs with <1.8cm/min
LTR were non-metastatic

Toubert
et al. (37)

160 Upper limb, lower
limb, trunk, head/neck

Breslow
>1mm

n/a Prospective Tc-99m colloidal
rhenium sulfide

30 min SAT No significant difference
based on speed of
drainage
Novemb
er 2020 | V
aSuperficial spreading (SS), lentigo maligna (LM), acral lentiginous (AL), nodular melanoma (NL).
bLymphatic transport rate (LTR).
cScintigraphic appearance time (SAT), scintigraphic saturation time (SST), lymphatic transport rate (LTR).
dSentinel lymph node (SLN).
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establish the utility of the method. Furthermore, there are
contradictory reports in the literature regarding features such
as lymphatic invasion and their predictive potential, and future
studies are needed to reconcile these differences. Additionally,
while lymphatic transport kinetics have been shown to
successfully identify metastatic melanomas, future research is
needed to develop a reliable tool in clinical practice. The specific
techniques utilized for analysis of lymphatic transport need to be
refined to become more consistent and reproducible, and
specialized protocols will need to be developed based on the
type of colloid utilized and the affected body area. Finally, while
experimental models have revealed significant findings in the
role that melanoma plays in lymphangiogenesis, future study is
required to translate these genetic and mechanistic insights into
targeted therapies or biomarkers.

This review highlights several studies proposing the
lymphatic system as a critical player in melanoma metastasis.
Features such as lymphatic vessel density or lymphatic transport
kinetics might eventually serve as adjuncts to current staging
protocols to improve our ability to detect melanomas that are
high-risk. Furthermore, future research on the lymphatic system
and melanoma metastasis may aid in the development of
biomarkers or novel targeted therapies. However, while the
study of the lymphatic system may improve detection and
Frontiers in Oncology | www.frontiersin.org 644
management of melanomas that are likely to metastasize, there
is the possibility of overtreating patients who otherwise could
have been managed more conservatively. Future studies are
necessary to develop a more accurate lymphatic “biomarker”
that systematically integrates pathological, morphological, and
molecular data to identify high-risk melanomas that are under-
staged with current techniques.
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Cutaneous melanoma is an aggressive malignancy with high heterogeneity. Several studies
have been performed to identify cutaneous melanoma subtypes based on genomic profiling.
However, few classifications based on assessments of immune-associated genes have
limited clinical implications for cutaneous melanoma. Using 470 cutaneous melanoma
samples from The Cancer Genome Atlas (TCGA), we calculated the enrichment levels of
29 immune-associated gene sets in each sample and hierarchically clustered them into
Immunity High (Immunity_H, n=323, 68.7%), Immunity Medium (Immunity_M, n=135, 28.7%),
and Immunity Low (Immunity_L, n=12, 2.6%) based on the ssGSEA score. The ESTIMATE
algorithm was used to calculate stromal scores (range: -1,800.51–1,901.99), immune scores
(range: -1,476.28–3,780.33), estimate scores (range: -2,618.28–5,098.14) and tumor purity
(range: 0.216–0.976) and they were significantly correlated with immune subtypes (Kruskal–
Wallis test, P < 0.001). The Immunity_H group tended to have higher expression levels of HLA
and immune checkpoint genes (Kruskal–Wallis test, P < 0.05). The Immunity_H group had the
highest level of naïve B cells, resting dendritic cells, M1macrophages, resting NK cells, plasma
cells, CD4memory activated T cells, CD8 T cells, follicular helper T cells and regulatory T cells,
and the Immunity_L group had better overall survival. The GO terms identified in the
Immunity_H group were mainly immune related. In conclusion, immune signature-
associated cutaneous melanoma subtypes play a role in cutaneous melanoma prognosis
stratification. The construction of immune signature-associated cutaneous melanoma
subtypes predicted poss ib le pat ient outcomes and prov ided possib le
immunotherapy candidates.
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INTRODUCTION

Cutaneous melanoma is one of the most aggressive types of
cancer due to an elevated degree of heterogeneity in the aspects
of clinical presentation, histopathological presentation and
genomic profiles (1). Once spread, it becomes life threatening
and causes 55,500 deaths every year (2). Due to its heterogeneity,
many cutaneous melanoma classification studies have been
carried out to lay the foundation for targeted therapies. Akbani
R et al. divided 331 cutaneous melanoma patients into four
subtypes based on three prevalent significantly mutated genes
(BRAF, RAS, and NF1). Though there was no significant clinical
correlation with this classification, a subclass whose genome was
enriched in immune genes was associated with improved
prognosis (3). Zhao Y et al., identified a 25-gene signature that
was applied to calculate sample-specific leukocyte infiltration
scores (LISs). A higher LIS proved to indicate a better prognosis
in metastatic melanoma (4). Nie RC et al. developed an
immunoscore based on eight immune subsets (naïve B cells,
memory B cells, eosinophils, follicular helper T cells, regulatory T
cells, M0 macrophages, plasma cells, and gdT cells), and
cutaneous melanoma patients were divided into a high
immunoscore group and a low immunoscore group to predict
the anti-PD1 response (5). These efforts indicate the importance
of classifying cutaneous melanoma for diagnosis and treatment.

To date, there are few treatment options available for cutaneous
melanoma. Immunotherapy, such as immune checkpoint blockade,
is one of the treatments that has recently increased hope for the
survival outcomes of cutaneous melanoma patients (2). However,
despite this tremendous advancement, immunotherapeutic
strategies exhibit beneficial effects only in a subset of patients.
Certain factors, such as tumor genomics, host germline genetics,
and the PD-L1 level, influence the responsiveness of
immunotherapy (6–8). Tumor microenvironment heterogeneity
has been studied as a biomarker for prognosis and
immunotherapy sensitivity in various cancers (9, 10). Of note,
both infiltrating immune cells and tumor-related stromal cells,
which play important roles in tumor growth, progression and
drug resistance, are important components of the tumor immune
microenvironment (11, 12). Therefore, an increasing number of
studies have focused on these factors to provide novel insights into
tumor biology and their prognostic value.

In our study, on the basis of immunogenomic profiling, we
divided cutaneous melanoma patients into three groups: Immunity
High (Immunity_H), Immunity Medium (Immunity_M), and
Immunity Low (Immunity_L). We demonstrated that the
classification was associated with immune infiltration and
survival prognosis. Moreover, we identified subtype-specific
genes and Gene Ontology (GO). The construction of immune
signature-associated cutaneous melanoma subtypes may help
identify possible candidates for immunotherapy.
Abbreviations: CIBERSORT, Cell-type Identification By Estimating Relative
Subsets Of RNA Transcripts; ESTIMATE; Estimation of STromal and Immune
cells in MAlignant Tumor tissues using Expression data; GO, Gene Ontology;
Immunity_H, Immunity High; Immunity_L, Immunity Low; Immunity_M,
Immunity Medium; LIS, leukocyte infiltration score.
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METHODS

Database
The transcriptome profiles and clinical data of patients with
cutaneous melanoma in this study were downloaded from The
Cancer Genome Atlas (TCGA) database (https://portal.gdc.
cancer.gov/). In total, 470 cutaneous melanoma patients were
enrolled in the current study, and the clinical characteristics
included sex, status and TNM stage.

Single Sample Gene Set Enrichment
Analysis (ssGSEA)
For each cutaneous melanoma sample, we quantified the
enrichment levels of the 29 immune-associated gene sets,
representing immune cell types, functions, and pathways, as
described in a previous study (13) by the ssGSEA score. On
the basis of the ssGSEA scores of the 29 gene sets, we performed
hierarchical clustering of cutaneous melanoma.

Estimation of STromal and Immune Cells
in MAlignant Tumor Tissues Using
Expression Data (ESTIMATE)
Stromal scores, immune scores, estimate scores, and the tumor
purity of cutaneous melanoma patients were calculated with the
ESTIMATE (14) algorithmusing the estimate package inR version
3.6.2 (https://www.R-project.org/). All patients were divided into
Immunity_H, Immunity_M, and Immunity_L groups.

Comparison of Immune Cell Infiltration
Between Immune Subtypes
The fractions of 22 human immune cell subsets in cutaneous
melanoma samples were calculated with Cell-type Identification
By Estimating Relative Subsets Of RNA Transcripts (CIBERSORT)
(15). One thousand permutations and P < 0.05 were set as the
criteria to deconvolute each sample. Then, we compared the
fractions of the immune cell subsets between immune subtypes
with the Mann–Whitney U test.

Comparison of Survival Prognosis
Between Immune Subtypes
With the survival data available, the survival R package was used
to analyze the relationship between immune subtypes and the
overall survival of patients. The survival differences were
compared through a log-rank test, where P < 0.05 was
regarded as statistically significant. Kaplan–Meier curves were
plotted to visualize the differences in survival between
immune subtypes.
Identification of Immune Subtype-Specific
GO Terms
To identify the subtype-specific molecular features, we
performed a weighted gene co-expression network (16) and
identified the gene modules (GO terms) associated with the
highly expressed genes in different immune subtypes.
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RESULTS

Patient Characteristics and Immune
Subtype Model Construction
We examined the gene expression profiles and clinical data of
470 cutaneous melanoma patients from TCGA database in this
study. Selected patient characteristics are summarized in Table 1.
Frontiers in Oncology | www.frontiersin.org 348
The median age at diagnosis was 58.2 (range: 15.0–90.0) years,
290 (61.7%) patients were male, and 211 (44.9%) patients died.
We first performed an unsupervised clustering analysis of 29
immune-associated gene sets. Based on the ssGSEA scores of the
gene sets, there were three clear groups of samples: Immunity_H
(n=323, 68.7%), Immunity_M (n=135, 28.7%) and Immunity_L
(n=12, 2.6%) (Figure 1). As shown in the heatmap, the
Immunity_H group expressed higher levels of immune-
associated genes than the Immunity_L group. Cutaneous
melanoma patients’ stromal scores (ranging from -1,800.51 to
1,901.99), immune scores (ranging from -1,476.28 to 3,780.33),
estimate scores (ranging from -2,618.28 to 5,098.14), and tumor
purity (ranging from 0.216 to 0.976) data are shown in Table S1
(according to the ESTIMATE algorithm). Particular, stromal and
immune scores were calculated to predict infiltrating stromal and
immune cells levels and to form the basis for the ESTIMATE
score to infer tumor purity in tumor tissue (14). We found that
the stromal scores, immune scores and estimate scores were
significantly high in the Immunity_H group and significantly
low in the Immunity_L group (Kruskal–Wallis test, P < 0.001)
(Figures 2A–C), which suggested that these scores were
meaningfully correlated with cutaneous melanoma. However,
tumor purity showed the opposite trend (Kruskal–Wallis test, P
< 0.001) (Figure 2D). Notably, these results indicate that
Immunity_H samples contain the highest number of immune
cells and stromal cells, Immunity_L samples contain the highest
number of tumor cells, and Immunity_M samples are somewhere
in between.
FIGURE 1 | Hierarchical clustering of Cutaneous melanoma into three subtypes. Hierarchical clustering of 470 tumors based on 29 immune-associated gene sets.
Immunity_H, Immunity High; Immunity_M, Immunity Medium; Immunity_L, Immunity Low. Tumor purity, estimate scores, stromal scores, and immune scores were
evaluated by ESTIMATE.
TABLE 1 | Clinical characteristics of the patients.

Characteristic No. of patients (n = 470) (%)

Age
median, range 58.2 (15-90)
Gender
Male 290 (61.7)
Female 180 (38.3)
TNM stage
I/II NOS 14 (3.0)
0 7 (1.5)
I 77 (16.4)
II 140 (29.8)
III 171 (36.4)
IV 23 (4.9)
Unknown 38 (8.1)
Prior treatment
None 445 (94.7%)
Neoadjuvant treatment 25 (5.3%)
Survival status
Death 211 (44.9)
Alive 259 (55.1)
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Immune Subtypes Are Significantly
Associated With HLA Genes and Immune
Checkpoint Genes
To test the expression of immune-related genes in each group,
we next explored the expression of HLA genes and the immune
checkpoint genes in the three immune subtypes. Notably, the
expression of all HLA genes was highest in the Immunity_H
group and lowest in the Immunity_L group (ANOVA test, P <
0.001) (Figure 3A). Moreover, the expression levels of
programmed cell death 1 ligand (PD-L1), also known as
CD274, increased from the Immunity_L group to the
Immunity_H group (Immunity_L < Immunity_M <
Immunity_H) (Mann–Whitney U test, P < 0.001) (Figure 3B).
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The same was true for CTLA4 in the three subtypes (Mann–
Whitney U test, P < 0.05) (Figure 3C). These results showed that
these subgroups were significantly associated with the expression
of immune-related genes.

Immune Subtypes Are Significantly
Related to Immune Cell Infiltration and
Clinical Outcomes
To further examine the tumor microenvironment, CIBERSORT
was applied to assess the proportions of 22 human immune cell
subsets in cutaneous melanoma. We found that the Immunity_H
group had the highest level of naïve B cells, resting dendritic cells,
M1 macrophages, resting NK cells, plasma cells, CD4 memory
A B

DC

FIGURE 2 | Comparison of stromal scores, immune scores, estimated scores and tumor purity between cutaneous melanoma subtypes. Comparison of (A) stromal
scores, (B) immune scores, (C) estimate scores, (D) and tumor purity between three subtypes (Mann–Whitney U test). *P < 0.05, ***P < 0.001.
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activated T cells, CD8 T cells, follicular helper T cells, and
regulatory T cells, whereas the Immunity_L and Immunity_M
groups had relatively low levels of these cell types. In addition,
the Immunity_L group had higher levels of M0 macrophages and
resting NK cells than the other two subtypes (Mann–Whitney U
test, P < 0.05) (Figure 4A). This result indicated that the
Immunity_H group had elevated anti-tumor immune activity.

Next, we investigated the prognostic value of the immune
subtypes on patient survival. Interestingly, we found that the
Immunity_H and Immunity_M groups had significantly worse
overall survival than the Immunity_L group, indicating that
these immunological features have distinct clinical outcomes in
cutaneous melanoma (Figure 4B).
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Identification of Specific GO Terms
Associated With the Immune Subtypes
Finally, GSEA was performed to identify a number of GO terms
enriched in the Immunity_H and Immunity_L groups. The top 10
GO terms identified in the Immunity_H group were mainly
immune related (Figure 5, Table S2), including immunoglobulin
complex; immunoglobulin complex, circulating; immunoglobulin
receptor binding; complement activation; classical pathway; T cell
receptor complex; humoral immune response mediated by
circulating immunoglobulin; antigen binding; and immune
response-regulating cell surface receptor signaling pathway
involved in phagocytosis. This result also supported elevated
immune activity in the Immunity_H group.
A

B C

FIGURE 3 | Comparison of HLA genes and immune checkpoint genes between cutaneous melanoma subtypes. Comparison of (A) HLA genes (ANOVA test),
(B) CD274, and (C) CTLA4 between three subtypes (Mann–Whitney U test). *P < 0.05, ***P < 0.001.
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DISCUSSION

Genomic profiling has been used to determine the molecular
subtypes in various cancers (17–19), including cutaneous
melanoma (3, 4). Currently, accumulating evidence has
suggested that the tumor microenvironment plays important
roles in tumor progression and therapeutic responses (20, 21).
The infiltration of immune cells as well as stromal cells in the
tumor microenvironment has an impact on tumor progression
and prognosis (22, 23). The development of cutaneous
melanoma therapies, especially immunotherapy, has improved
clinical outcomes (2). Therefore, an immune-related
classification of cutaneous melanoma is needed. Our study
found that cutaneous melanoma could be classified into three
Frontiers in Oncology | www.frontiersin.org 651
groups, Immunity_H, Immunity_M, and Immunity_L, using an
unsupervised clustering analysis of 29 immune-associated gene
sets. Using the ESTIMATE algorithm, we calculated stromal
scores, immune scores, estimate scores, and the tumor purity of
each patient. We found that stromal scores, immune scores and
estimate scores were higher in the Immunity_H group than in
the other groups. The Immunity_H group contained more
immune cells and stromal cells than the other groups, which
suggested elevated immune activity in this subtype. Moreover,
GO analysis revealed that a set of gene modules in the
Immunity_H group were mainly immune related, including
immunoglobulin complex; immunoglobulin complex,
circulating; immunoglobulin receptor binding; complement
activation; classical pathway; T cell receptor complex; humoral
A

B

FIGURE 4 | Comparison of immune cell infiltration and clinical outcomes between cutaneous melanoma subtypes. (A) Comparison of immune cell infiltration in three
subtypes (ANOVA test). (B) Comparison of survival prognosis between three subtypes (log-rank test). *P < 0.05, ***P < 0.001.
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immune response mediated by circulating immunoglobulin;
antigen binding; and immune response-regulating cell surface
receptor signaling pathway involved in phagocytosis. In the
Immunity_L group, cell chemotaxis, receptor complex,
detection of chemical stimulus involved in sensory perception,
positive regulation of cell−cell adhesion, regulation of leukocyte
differentiation, cytokine receptor binding, response to
lipopolysaccharide and neutrophil activation. were observed.
This further confirmed that immunity was activated in the
Immunity_H group.

When we used CIBERSORT to assess the proportions of 22
human immune cell subsets, we found that most immune cells,
including naïve B cells, resting dendritic cells, M1 macrophages,
resting NK cells, plasma cells, CD4memory activated T cells, CD8 T
cells, follicular helper T cells and regulatory T cells, were
significantly higher in the Immunity_H group than in the other
groups. We also found that the expression levels of HLA genes and
immune checkpoint genes were higher in the Immunity_H group
than in the other groups. In addition, the immune checkpoint gene
expression levels were significantly associated with the immune
subtypes, suggesting that Immunity_H patients may have a good
response to anti-PD-L1 or anti-CTLA4 immunotherapy, with
evidence that PD-L1 and CTLA4 could serve as biomarkers for
corresponding immunotherapeutic responsiveness (24).

The three distinct immune subtypes were strongly associated
with clinical outcomes. Numerous studies have demonstrated that
enhanced local immune activation contributes to a good prognosis
in different kind of tumors (25, 26). In cutaneous melanoma,
though several studies have reported that patients with high
immune cell infiltration showed better prognosis (27–29), some
types of immune cells are associated with worse prognosis, such as
Frontiers in Oncology | www.frontiersin.org 752
CD20-positive tumor‐infiltrating lymphocytes, neutrophil
granulocytes and mast cells (30, 31). In our study, based on the
immunogenomic profiling of 29 immune signatures, we found
that Immunity_L group was associated with better prognosis,
which might be the infiltrated immune cells are non-tumor-
specific and do not show the anti-tumor effect. Therefore, the
underlying mechanism between strong immunogenicity and poor
prognosis in cutaneous melanoma needs to be explored.

However, limitations in this study exist. First, it was a
retrospective study, and all the data were retrieved from a
publicly available database. Thus, external validations are
needed to verify our findings. Second, though we identified the
immune subtype-specific GO in different groups, further
mechanistic studies are encouraged.
CONCLUSIONS

Immune signature-associated cutaneous melanoma subtypes may
play a role in cutaneous melanoma prognosis stratification. The
construction of immune signature-associated cutaneous
melanoma subtypes predicted possible patient outcomes and
provided possible candidates for immunotherapy.
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Introduction:Multiple agents are approved in the adjuvant setting of completely resected
high-risk (stages IIC–IV) malignant melanoma. Subgroups may benefit differently
depending on the agent used. We performed a systematic review and meta-analysis to
evaluate the efficiency and tolerability of available options in the post interferon era across
following subgroups: patient age, stage, ulceration status, lymph node involvement, BRAF
status.

Methods: The PubMed and Cochrane Library databases were searched without
restriction in year of publication in June and September 2020. Data were extracted
according to the PRISMA Guidelines from two authors independently and were pooled
according to the random-effects model. The predefined primary outcome was
recurrence-free survival (RFS). Post-data extraction it was noted that one trial (BRIM8)
reported disease-free survival which was defined in the exact same way as RFS.

Results: Five prospective randomized placebo-controlled trials were included in the meta-
analysis. The drug regimens included ipilimumab, pembrolizumab, nivolumab, nivolumab/
ipilimumab, vemurafenib, and dabrafenib/trametinib. Adjuvant treatment was associated
with a higher RFS than placebo (HR 0.57; 95% CI= 0.45–0.71). Nivolumab/ipilimumab in
stage IV malignant melanoma was associated with the highest RFS benefit (HR 0.23; 97.5%
CI= 0.12–0.45), followed by dabrafenib/trametinib in stage III BRAF-mutant melanoma (HR
0.49; 95% CI= 0.40–0.59). The presence of a BRAF mutation was associated with higher
RFS rates (HR 0.30; 95% CI= 0.11–0.78) compared to the wildtype group (HR 0.60; 95%
CI= 0.44–0.81). Patient age did not influence outcomes (≥65: HR 0.50; 95% CI= 0.36–0.70,
<65: HR 0.58; 95% CI= 0.46–0.75). Immune checkpoint inhibitor monotherapy was
associated with lower RFS in non-ulcerated melanoma. Patients with stage IIIA benefited
equally from adjuvant treatment as those with stage IIIB/C. Nivolumab/ipilimumab and
ipilimumab monotherapy were associated with higher toxicity.
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Conclusion: Adjuvant therapy should not be withheld on account of advanced age or
stage IIIA alone. The presence of a BRAF mutation is prognostically favorable in terms of
RFS. BRAF/MEK inhibitors should be preferred in the adjuvant treatment of BRAF-mutant
non-ulcerated melanoma.
Keywords: melanoma, adjuvant, immunotherapy, BRAF mutation, meta-analysis, checkpoint inhibitors, BRAF/
MEK inhibitors
INTRODUCTION

The incidence of malignant melanoma (MM) increases
consistently (39% between 2006 and 2016) with a current
incidence of over 132.000 estimated cases worldwide each year
(1, 2). Low risk MM (stages I-IIB) can be effectively treated with
surgical excision only (3, 4). In contrast, high-risk MM (stages
IIC-IV) with no evidence of disease (NED) after excision is
associated with a worse survival rate (5) and therefore an efficient
and tolerable adjuvant therapy is needed (4, 6). Interferon alpha
(IFN-a) has lost its relevance in the wake of new therapeutic
options due to its inconsistent impact on overall survival (OS)
and high toxicity (7–9). After IFN-a, ipilimumab was the first
agent to be approved for stage III (10). However, due to its
unfavorable side effect profile, it was soon replaced by nivolumab
and pembrolizumab (11). A recent phase II trial demonstrated
the superior efficacy of the nivolumab/ipilimumab combination
versus nivolumab or placebo in stage IV MMwith NED (12). For
patients with BRAF-V600 mutant (BRAFmut) MM, targeted
adjuvant therapy is another option. While initial results with
the BRAFi vemurafenib were not encouraging, the combination
of the BRAFi dabrafenib with the MEKi trametinib
demonstrated a clear benefit versus placebo in stage III disease
(13, 14). Despite these significant developments, there is still no
standard of care for the adjuvant therapy of high-risk MM,
especially in the presence of a BRAF driver mutation (15).

Previous meta-analyses of adjuvant therapy for MM either
included IFN-a, did not include subgroup-specific data or lacked
a direct comparison of nivolumab versus placebo within a
randomized placebo-controlled trials (RCT) (8, 16).
MATERIALS AND METHODS

Objective
This systematic review and meta-analysis aimed to compare the
efficacy of modern agents in the adjuvant setting of cutaneous
MM versus placebo with specific regard to different subgroups
[patient age, stage, primary tumor ulceration, number of
involved lymph nodes (LN), type of LN involvement (micro-
or macrometastases) and BRAF mutational status]. Methodology
and reporting follow the PRISMA guidelines (Preferred
Reporting Items for Systematic Reviews and Meta-Analysis)
(17), a checklist is provided in eTable 1, supplement. The
meta-analysis is registered on the Open Science Framework
(Registration DOI: 10.17605/OSF.IO/SGPHN, protocol
accessible on: https://osf.io/m9vr5)
256
Data Sources, Search Strategy, and Data
Extraction
The PubMed and Cochrane Library databases were searched in
June 2020 using the terms “melanoma” AND “adjuvant” and the
filter “clinical trial”. An updated search was performed on
September 14th, 2020 (search strategy in eFigure 1, supplement).
RCT (phase 2 or 3) comparing adjuvant treatment with placebo or
an FDA- or EMA approved agent in patients with MM with NED
published in English were included. We excluded systematic
reviews, meta-analyses, abstracts, trials including neoadjuvant
treatment, IFN-a as well as non-placebo-controlled RCT. Baseline
participant demographics and outcome data were extracted
including: type and name of the trial, primary outcome for the
whole population, and separately for the following subgroups:
patients <65 and ≥65 years of age, ulceration status, number of
positive LN, presence of micro- or macrometastases, stage and
BRAF status. Two authors (KC and KY) conducted the systematic
review and data extraction independently. Conflicts were resolved
by a third author (DK-M).

Comparators and Data Analysis
We conducted a meta-analysis of the summary statistic hazard ratio
(HR) with corresponding 95% confidence intervals (CI) for each
trial. Data from each trial were pooled using the random effects
(DerSimonian-Laird) model. Statistical heterogeneity between the
trials was assessed using Cochran´s Q test and I². All statistical
analyses were conducted using StatsDirect version 3.3.0. Results
were presented with forest plots. Two-sided P < 0.05 was deemed
statistically significant.

Risk of Bias
Trial quality and risk of bias on study level were assessed using
the revised Cochrane tool for assessing risk of bias in randomized
trials (RoB2 tool) (18) by two authors independently (KC and
KY). Conflicts were referred to a third author (DK-M). A
potential presence of publication bias was assessed visually
with funnel plots and formally using Egger’s regression
asymmetry test (19).
RESULTS

Study Selection
We identified 1,404 studies in total. After assessment for
eligibility, five randomized, double blind, placebo-controlled
trials were included in the meta-analysis. A flowchart is
provided in Figure 1 and an overview of these trials in Table 1.
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Study Characteristics
The following drug regimens were compared versus placebo:
pembrolizumab (EORTC-1325), ipilimumab (EORTC-18071),
vemurafenib (BRIM8), nivolumab/ipilimumab, nivolumab
(IMMUNED) and dabrafenib/trametinib (COMBI-AD). The
BRIM8 trial incorporated two cohorts of patients based on the
tumor stage: cohort 1 (IIC-IIIB) and cohort 2 (IIIC). In total,
data from 3505 patients were evaluated. For the EORTC-18071
and COMBI-AD trials, updated data published in 2016 and 2018
were used, respectively. Staging was performed according to the
7th edition of the American Joint Committee on Cancer (AJCC)
in the COMBI-AD, EORTC-1325 and BRIM8 trials. The
EORTC-18071 trial included only patients with stage III
disease according to the 6th AJCC edition. However, there are
no differences in stage III definition between 6th and 7th edition.
Only nodal micrometastatic disease size > 1 mm was included in
the EORTC-1325, EORTC-18071, BRIM8, and COMBI-AD
trials. The IMMUNED trial included only patients with stage
IV with NED, whose distinction from stage III does not differ
between the 7th and 8th editions. Thus, cross-trial comparability
is warranted. Taken together, all trials enrolled patients with
Frontiers in Oncology | www.frontiersin.org 357
completely resected stage IIC to IV cutaneous MM. The median
follow-up of the studies ranged from 15 months to 2.9 years. The
primary endpoint of three of the studies was RFS defined as
the time from randomization to disease recurrence or death. The
BRIM8 trial used disease-free survival (DFS) as the primary
endpoint defined as the time from randomization until the date
of the first disease recurrence or death. As those two definitions
are identical, RFS will be used from now on for purposes of
simplicity. All trials except BRIM8 met their primary endpoint.
All patients included in the COMBI-AD and BRIM8 trials had
BRAFmut melanoma. In the EORTC-1325 and IMMUNED
trials 49% and 45% of patients respectively had BRAFmut
MM. The EORC-18071 did not report BRAF mutational status
(eTable 2, supplement).

Recurrence-Free Survival
Adjuvant treatment resulted consistently in longer RFS compared to
placebo (HR 0.57; 95% CI= 0.45–0.7) (Figure 2). Patients in stage
IV treated with nivolumab/ipilimumab derived the highest benefit
(HR 0.23; 97.5% CI= 0.12–0.45). Pembrolizumab and nivolumab
demonstrated similar efficacy, (HR 0.57; 95%CI= 0.43–0.74 andHR
FIGURE 1 | Meta-analysis flowchart. BCG, bacillus Calmette-Guerin; MAGE-A3, melanoma antigen A3.
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0.56; 95% CI= 0.33–0.94 respectively). Patients with stage III
BRAFmut MM treated with dabrafenib/trametinib had a 51%
lower risk of relapse (HR 0.49; 95% CI= 0.40–0.59). Adjuvant
therapy with ipilimumab was less effective (HR 0.76; 95% CI= 0.64–
0.89). BRIM8 did not reach its primary endpoint in cohort 2 (stage
IIIC MM, HR 0.81; 95%CI= 0.55–1.19). In cohort 1 however,
treatment with vemurafenib resulted in longer RFS (stages IIC–
IIIA, HR 0.55; 95% CI= 0.38–0.80).
Frontiers in Oncology | www.frontiersin.org 458
Subgroup Analyses
An overview of patient characteristics and demographics is
provided in eTables 2 and 3 in the supplement.

Age
No difference in adjuvant treatment benefit for patients aged
over and under 65 years could be observed [≥65: HR 0.50 (95%
CI= 0.36–0.70), <65: HR 0.58 (95% CI= 0.46–0.75)]. The greatest
TABLE 1 | Overview of the characteristics of the included studies.

Trial Comparison Randomised
patients (n)

Dose schedule Duration of
treatment

Median
follow up

Primary
endpoint

HR, (95% CI)

EORC-18071 Ipilimumab versus
placebo

951 10 mg/kg i.v. q3w for four doses, then every 3 months for 3
years

3 years 2.74
years

RFS, 0.76
(0.64–0.89)

COMBI-AD Dabrafenib plus
Trametinib versus
placebo

870 Dabrafenib 150 mg 2× day + trametinib 2 mg 1× day 1 year 2.9 years RFS, 0.49
(0.40–0.59)

BRIM8 Vemurafenib versus
placebo

Cohort 1: 314 Vemurafenib tablets (960 mg 2× day for 52 weeks [13 × 28-
day cycles])

52 weeks 33.5
months

DFS, 0.55
(0.38–0.80)

Cohort 2: 184 as Cohort 1 52 weeks 30.8
months

DFS, 0.81
(0.55–1.19)

EORTC-1325 Pembrolizumab versus
placebo

1019 200 mg i.v. q3w for a total of 18 doses Approximately
1 year

15
months

RFS, 0.57
(0.43–0.74)

IMMUNED Nivolumab versus
placebo

167 3 mg/kg nivolumab q3w Up to 1 year 28.4
months

RFS, 0.56
(0.33–0.94)

Nivolumab plus
Ipilimumab versus
placebo

1 mg/kg i.v. nivolumab q3w plus 3 mg/kg i.v. ipilimumab q3w
for four doses, followed by 3 mg/kg i.v. nivolumab q2w

RFS, 0.23
(0.12–0.45)*
Fe
bruary 2021 | V
olume 10 |
* 97.5% CI.
FIGURE 2 | Forest plot for primary outcome analysis on relapse free survival. Notes: Hazard ratio for relapse, or death along the x-axis, and results from all trials on
the y axis with gray squares representing effect estimates and lines through them representing 95% CIs. The gray diamond represents the overall effect measure,
which lies clear off the line of no effect and shows a benefit for the treatment groups compared to placebo with a summary hazard ratio of 0.57 (95% CI: 0.45–0.71).
The percentage weight for each study is separately listed on the right side of the graph as well as the data on the heterogeneity of the meta-analysis, with the
relevant measure being the I2 score. CI, confidence interval.
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benefit of adjuvant therapy over placebo for patients ≥65 years
was shown in the IMMUNED trial (HR 0.26; 95% CI= 0.07–0.92)
(Figure 3).

Lymph Node Involvement
Neither the number of involved LN, nor the presence of macro-
or micrometastases alone had significant influence on RFS.
(eFigures 2 and 3, supplement).

Ulceration Status
In patients with ulcerated MM pembrolizumab and ipilimumab
appeared to be more effective than in patients with non-ulcerated
melanomas (pembrolizumab: HR 0.52; 95% CI 0.35–0.79 vs 0.68;
95% CI= 0.45–1.05, ipilimumab: HR 0.64, 95% CI= 0.44–0.94, vs
0.80, 95%CI= 0.54–1.20) (Figure 4). Interestingly, clinical benefit
from dabrafenib/trametinib was consistent regardless of LN
Frontiers in Oncology | www.frontiersin.org 559
involvement or ulceration. Adjuvant therapy in non-ulcerated
melanomas with macro-metastases was associated with the
smallest RFS benefit and did not reach statistical significance (HR
0.73; 95%CI= 0.50–1.05) (eFigure 4, supplement).

Stage
In stage IIIA, while none of the examined substances alone reach
statistical significance in the corresponding trials, our meta-
analysis demonstrates a clear RFS-benefit for treatment versus
placebo in stage IIIA, which in fact is numerically equivalent to
that shown for stages IIIB/C. Dabrafenib/trametinib were
associated with a consistent improvement in RFS, apart from
stage IIIA where the upper confidence interval is marginally
crossed (HR 0.58; 95% CI= 0.32–1.06). In contrast, ipilimumab
had limited efficacy in patients with stage IIIA/B whereas a clear
benefit with treatment was seen only in stage IIIC with >4 LN
A

B

FIGURE 3 | (A) Forest plot for primary outcome analysis on relapse free survival for patients ≥65 years old. (B) Forest plot for primary outcome analysis on survival
for patients <65 years old. Notes: Hazard ratio for relapse or death along the x-axis, and results from the different studies, with gray squares representing effect
estimates and lines through them representing 95% CIs. The gray diamond represents the overall effect measure which lies clear off the line of no effect, showing a
benefit for the treatment groups compared to placebo. The percentage weight for each study is separately listed on the right of the graph. CI, confidence interval.
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(HR 0.48; 95%CI= 0.28–0.81). Consistently, pembrolizumab also
demonstrated a non-statistically significant benefit in stage IIIA (HR
0.38; 95%CI= 0.11–1.31) while higher stages (IIIB/C) clearly profit
from adjuvant pembrolizumab treatment (Figure 5). The BRIM8
trial was the only to include patients with stage IIC. Here, median
RFS was not reached in the vemurafenib arm.

BRAF Mutation
The IMMUNED and EORTC-1325 trials reported separate
outcomes as per BRAF mutational status. The presence of a
BRAF mutation was associated with higher RFS rates (HR 0.30;
95% CI= 0.11–0.78) compared to the BRAF wildtype group (HR
0.60; 95% CI= 0.44–0.81). Nivolumab/ipilimumab was
Frontiers in Oncology | www.frontiersin.org 660
associated with the highest benefit in BRAFmut MM (HR 0.07;
95% CI= 0.02–0.23) (eFigure 5, supplement).

Secondary Endpoints
Cross-trial comparison of secondary end points like OS and
distant metastases free survival (DMFS) was not possible due to
considerable variability in endpoint selection and reporting. In the
EORTC-18071 trial, adjuvant therapy with ipilimumab
significantly prolonged DMFS and most importantly OS (HR
0.72; 95.1% CI= 0.58–0.88) (20). In the COMBI-AD trial, data
on OS were only reported for the first interim analysis. Treatment
with BRAF/MEKi demonstrated higher 3-years OS-rates than
with placebo (86% vs. 77% HR 0.57; 95%CI= 0.42–0.79) (21).
A

B

FIGURE 4 | (A) Forest plot for primary outcome analysis on relapse free survival for patients with ulcerated primary tumor. (B) for patients with non-ulcerated
primary tumor. Hazard ratio for relapse or death along the x-axis, and trial results on the y axis, with gray squares representing effect estimates and lines through
them representing 95% CIs. The gray diamond represents the overall effect measure which lies clear of the line off no effect, showing a benefit for the treatment
groups compared to placebo. The percentage weight for each study is separately listed on the right of the graph. CI, confidence interval.
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EORTC-1325 demonstrated that pembrolizumab has maintained
the health-related quality of life (22). The BRIM8 study
demonstrated a DMFS of 37.2 months; in cohort 1, the DMFS
was not reached.

Adverse Events
The highest rate of grades 3–4 adverse events (AE) was observed
with the nivolumab/ipilimumab combination (82%) with a
treatment discontinuation rate of up to 62% (eTable 4,
supplement). Ipilimumab monotherapy and vemurafenib were
also associated with high grade 3-4 AE rates (54% and 59%,
respectively) and discontinuation rates of 52% and 20%,
respectively. Five deaths were attributed to ipilimumab
monotherapy. 26% of patients treated with dabrafenib/
trametinib went off study due to AE. One fatal serious AE
(pneumonia) was reported in the combination-therapy group.
In the EORTC-1325 trial, 13.8% of the patients discontinued
pembrolizumab due to AE, which were equal to or higher than
grade 3 in 31.6% of cases. There was one pembrolizumab related
death due to myositis. Similar AE rates were observed with
nivolumab monotherapy, with grades 3–4 toxicity up to 41% and
13% treatment discontinuation rate.

Risk of Bias
The funnel plot (eFigure 6, supplement) and the result from
Egger’s test (p = 0.311) showed indication of a publication bias.
However, due to the limited number of studies included in the
meta-analysis, this should be interpreted with caution. Overall,
the trials were deemed to be at low risk for bias, except for
“deviation of intended intervention” bias, for which it was
unclear, whether participants with missing outcome data were
excluded. In the COMBI-AD trial RFS was the prespecified
outcome measurement however its estimation at 3 years was
not prespecified (eFigures 7 and 8, supplement).
Frontiers in Oncology | www.frontiersin.org 761
DISCUSSION

The RFS-benefit of modern adjuvant therapy (HR 0.57, 95% CI=
0.45–0.71) is higher than that shown for IFN-a in previous meta-
analyses (HR 0.82, 95% CI = 0.77–0.87) (23).

Immune checkpoint inhibitor (ICi) monotherapy with
pembrolizumab or nivolumab is similarly effective in
improving RFS and both agents seem to be superior to
ipilimumab while being less toxic, as previously demonstrated
for nivolumab in the Checkmate-238 trial (24). This trial was not
included in the current meta-analysis because of the lack of a
placebo arm. An indirect analysis of adjuvant nivolumab versus
placebo in stage III MM based on the Checkmate-238 and
EORC-18071 trials calculated a HR for RFS of 0.53 (95% CI =
0.41–0.68) which is similar to the HR for RFS in the IMMUNED
trial in stage IV (25).

The BRAF/MEKi combination therapy in the COMBI AD trial
was associated with a clinical benefit across all subgroups with a
tolerable adverse effect profile. In fact, the combination therapy
demonstrated the highest numerical RFS-benefit in stage III
melanoma (HR 0.49; 95% CI= 0.40–0.59). In stage IV melanoma
with NED, nivolumab/ipilimumab demonstrated an impressive RFS
benefit (HR 0.23; 97.5% CI= 0.12–0.45). The superiority of the
combination versus ipilimumab or nivolumab monotherapy has
also been demonstrated in metastatic melanoma, although at the
cost of more grades 3–4 AE [24, 32]. However, only interim results
from the rather small IMMUNED trial are currently published, and
thus they must be interpreted with caution. Furthermore, stage IV
patients with NED are per se at a higher risk of relapse, thus RFS
benefits with adjuvant therapy between stages III and IV are
not comparable.

In the interferon era, BRAFmut MM has been independently
associated with a worse overall survival with HR of 1.7 (95% CI=
1.37–2.12) (26). Another, more recent meta-analysis of 52 trials
A B C

FIGURE 5 | (A) Forest plot for primary outcome analysis on relapse free survival for patients with stage IIIA; (B) melanoma stage IIIB and C stage IIIC Hazard ratio
for relapse or death along the x-axis, and results from all four studies; in (C) upper value for the EORTC18071 study includes patients in stage IIC with 1–3 LN, lower
value with 4 LN, with gray squares representing effect estimates and lines through them representing 95% CIs. The gray diamond represents the overall effect
measure which lies clear of the line off no effect, showing a benefit for the treatment groups compared to placebo. The percentage weight for each study is
separately listed underneath the graph. CI, confidence interval; LN, lymph nodes.
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also found that the presence of a BRAF mutation was associated
with a reduced OS (HR 1.23, 95% CI= 1.09–1.38) (27). Most
trials however included neither BRAF/MEKi nor ICi therapy.
Prognosis of BRAFmut MM is expected to be crucially
influenced by modern therapeutic agents. ICi have dramatically
improved outcomes in the adjuvant and metastatic setting and
additionally, patients with a BRAFmutation have now the option
of targeted therapy. Thus, their prognosis can be expected to
improve in the context of modern therapy. Interestingly, in our
analysis, BRAFmut resectable MM was associated with higher
RFS in trials which reported outcomes according to BRAF
mutational status (IMMUNED and EORTC-1325). In contrast,
in advanced melanoma, Puzanov and colleagues found in a
pooled analysis of three RCTs with ICi (pembrolizumab) that
BRAFmut patients had similar OS as patients with BRAF wild-
type MM (PFS; 19.8% and 22.9% and OS; 35.1% and 37.5%).
Patients with BRAFmut MM who did not receive BRAFi +/-
MEKi therapy had a worse prognosis than those who did (28).
This contradiction could be explained through the fact that,
while BRAF mutations are early events in their evolution (29),
metastatic melanomas accumulate further genomic alterations
such as whole-genome duplication over time, which may account
for resistance to treatment (30). Furthermore, the higher tumor
burden of unresected melanomas might lead to increased
potential of developing resistant clones under BRAF/MEKi
compared to completely resected melanoma. These two factors
could account for the discordance in the prognostic influence of
BRAF mutations between completely resected stage III/IV in our
meta-analysis and advanced/unresectable melanoma in the
meta-analysis by Puzanov et al.

Age does not influence outcomes after adjuvant therapy.
Specifically, the HR for RFS in patients ≥65 years old is even
numerically lower than that of their younger counterparts.
Therefore, advanced age alone should not discourage
administration of adjuvant therapy. Recently published data on
elderly patients with MM receiving ICi also demonstrated good
clinical outcomes without increased toxicity (31).

Ulceration status of the primary tumor may be predictive of RFS
when ICi are used. Several studies have shown that ulcerated
melanomas have distinct biologic characteristics (32, 33). In our
study, ipilimumab and pembrolizumab are both associated with a
significant RFS benefit in patients with ulcerated melanoma, but not
in those with primary tumors without ulceration. In contrast,
dabrafenib/trametinib showed benefit regardless of ulceration
status, while vemurafenib is also associated with superior RFS in
non-ulcerated stage IIIC MM. A post hoc meta-analysis of the
EORTC-18952 (IFN a-2b versus observation in stages IIB–III) and
-18991 trials (pegylated-IFN versus observation in stage III) also
demonstrated that the absence of ulceration was predictive for
inefficacy of adjuvant treatment with IFN-a (34). Therefore, it
would be reasonable to prefer a BRAF/MEKi combination in
non-ulcerated BRAFmut MM.

Adjuvant treatment in stage IIIA is associated with a similar
RFS-benefit as in stages IIIB/C. Thus, our meta-analysis supports
administration of adjuvant therapy in stage IIIA. However, all
the above trials are powered for DFS/RFS and OS data have only
Frontiers in Oncology | www.frontiersin.org 862
been reported for the first interim analysis of the COMBI-AD
trial and for the EORC-18071 trial, where a benefit could be
demonstrated in favor of treatment. The recently reported
update of the Checkmate-238 trial (35) showed no difference
in OS between ipilimumab and nivolumab despite a significant
RFS benefit. This and the general lack of OS data pose the issue of
early vs late treatment, particularly in stages II/IIIA. Further data
on OS are needed to guide treatment decisions. The influence of
toxicity in decision making in earlier stages is discussed below.

As IFN-a has been associated with substantial AE and drug
related fatalities, modern adjuvant therapeutics have to meet
high expectations (23, 36, 37). The highest toxicity was seen with
the nivolumab/ipilimumab combination in stage IV MM with
NED. Pembrolizumab toxicity in the adjuvant setting (31.6%
grade ≥3 AE) was lower compared to the AE rate of nivolumab
(41%). However, data on nivolumab toxicity in our meta-analysis
are derived from stage IV MM, while pembrolizumab was tested
in stage III patients. The Checkmate238 trial, which also
included stage III patients demonstrated a 25.4% rate of grades
3–4 AE in patients treated with nivolumab (11). Monotherapy
with pembrolizumab or nivolumab have been shown to have a
considerably better tolerability profile than ipilimumab (10, 24,
38). The dabrafenib/trametinib combination demonstrated
similar grades 3–4 AE rates as pembrolizumab and nivolumab
(26%) and less than half compared to vemurafenib (59%), as in
previous trials comparing BRAF/MEKi combinations to BRAFi
monotherapy (39, 40). The ICi combination and ipilimumab
monotherapy were associated with the highest toxicity. In the
context of the curative adjuvant setting, potentially permanent
toxicities involved with ICi become particularly relevant. The
incidence is higher with ICi combination than with PD-1
monotherapy (hypophysitis: 8.0% vs. 1.1, hypothyroidism:
13.2% vs. 7.0%). Primary adrenal insufficiency and insulin
dependent diabetes are rare events (cumulative incidence after
ICi: 0.7% and 0.2% respectively) (41–43). Because of this
potentially long-lasting toxicity and the lack of consistent data
on OS as discussed above we generally prefer BRAF/MEKi as
adjuvant treatment in the context of BRAF-mutant MM,
especially in stages IIIA/B.

An important unanswered clinical question is adjuvant
therapy for patients with stage II MM, where rates of distant
recurrence after resection can reach 44% (44, 45). Vemurafenib
monotherapy is not approved in the adjuvant therapy of MM,
however, BRIM8 was the only trial to include patients with stage
IIC. In this subgroup, no events occurred in the vemurafenib arm
(0/15) whereas six patients suffered a relapse in the placebo arm
(6/12) (13). Although IFN-a remains an adjuvant therapeutic
option for patients with stages IIB and IIC melanoma, it is rarely
used in daily practice due to its significant toxicity (9). Currently
ongoing trials are comparing pembrolizumab and nivolumab vs.
placebo in resected stage II MM (45, 46).

Neoadjuvant approaches with both BRAF/MEKi and ICi in
high-risk resectable MM are also currently under investigation
(47, 48).

Although based on well-designed trials with robust results, our
meta-analysis still has some limitations. First, it does not address the
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contemporary question of a comparison between adjuvant and
neoadjuvant therapy. Second, it was restricted to placebo-controlled
studies and thus forced the exclusion of relevant trials like those
comparing two agents (e.g., ipilimumab versus nivolumab).
Moreover, due to the significant trial variability regarding
endpoint reporting and lacking consistent OS data reporting/
availability, our meta-analysis is based on RFS and not on OS
data. On this matter, significant inter-trial heterogeneity is also
noted in the stages included. Furthermore, comparisons between
subgroups were not possible for all the included RCTs, as subgroup-
definition as well as data availability for each subgroup varied across
the trials. Another limitation is the inconsistent representation of
BRAFmutMMacross trials. In addition, treatment and definition of
stage III within the included RCTs does not correspond completely
to current standards. Moreover, complete lymph node dissection
was required for trial enrollment in the EORTC-1325, EORTC-
18071 and COMBI-AD trials. This practice has been meanwhile
replaced by sentinel lymph node biopsy according to results from
RCTs (49, 50). Additionally, it must be kept in mind, that the
current definition of stage III disease according to the 8th edition of
AJCC is different than the one used in the RCTs above. Stages IIIA/
B/C as defined in the 7th edition carry a worse prognosis, and may
therefore benefit more from adjuvant therapy (51).

In conclusion, contemporary adjuvant therapy in the post
interferon-alpha era for patients with high-risk completely
resected MM is effective and tolerable and should be
recommended in all patients in the absence of contraindications.
BRAFmutMMwas associated with higher RFS. Furthermore, some
subgroups may benefit more from specific treatments and this can
guide treatment choice. Advanced age and stage IIIA should not
Frontiers in Oncology | www.frontiersin.org 963
discourage adjuvant treatment. Options in BRAF wildtype
melanoma are limited to ICi. In BRAFmut MM, BRAF/MEKi
should be preferred, especially in the absence of ulceration and
stage IIIA. Adjuvant treatment should be adapted to patient
preference like the intake schedule or pre-existing conditions.
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The advent of first and second-generation immune checkpoint blockade (ICI) has resulted
in improved survival of patients with metastatic melanoma over the past decade.
However, the majority of patients ultimately progress despite these treatments, which
has served as an impetus to consider a range of subsequent therapies. Many of the next
generation of immunotherapeutic agents focus on modifying the immune system to
overcome resistance to checkpoint blockade. ICI resistance can be understood as
primary, or acquired—where the latter is the most common scenario. While there are
several postulated mechanisms by which resistance, particularly acquired resistance,
occurs, the predominant escape mechanisms include T cell exhaustion, upregulation of
alternative inhibitory checkpoint receptors, and alteration of the tumor microenvironment
(TME) into a more suppressive, anti-inflammatory state. Therapeutic agents in
development are designed to work by combating one or more of these resistance
mechanisms. These strategies face the added challenge of minimizing immune-related
toxicities, while improving antitumor efficacy. This review focuses upon the following
categories of novel therapeutics: 1) alternative inhibitory receptor pathways; 2) damage-
or pathogen-associated molecular patterns (DAMPs/PAMPs); and 3) immune cell
signaling mediators. We present the current state of these therapies, including
preclinical and clinical data available for these targets under development.

Keywords: melanoma, checkpoint inhibition/blockade, pathogen recognition receptor (PRR), cytokines, TLR (Toll-
like receptors)
INTRODUCTION

The use of checkpoint inhibitors in melanoma has dramatically changed treatment options for
patients with melanoma. Prior to 2011 and the FDA approval of ipilimumab, standard of care
options included chemotherapy and high dose IL-2, and in the adjuvant setting, high-dose
interferon alpha-2, all of which were associated with limited efficacy and significant toxicity.
Targeted therapy with BRAF and MEK inhibition has also been approved for the 50% of melanoma
patients with activating BRAF mutations. Despite a promising overall response rate and evidence of
durable responses for some, the majority of patients with advanced melanoma have ultimately
exhibited progression of disease on or after checkpoint blockade (1). Further, while the majority of
patients tolerate therapy, there is risk of significant and sometimes fatal toxicity.

Significant effort has been put into finding ways to re-sensitize tumors after immunotherapy
resistance has developed as well as alternative strategies for checkpoint blockade. In fact, the number
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of trials of combination inhibitors has increased significantly
each year, though success of this approach remains to be seen (2).
In this review, we will profile some of the most promising
strategies in broad categories, including 1) alternative
checkpoint receptors 2) DAMPs/PAMPs and 3) immune cell
signaling modulators of the TME.

In order to understand the rationale for many of these novel
therapies, mechanisms of anti-PD-1/PDL-1 resistance need to be
discussed. Resistance is characterized as primary or secondary.
The Society for Immunotherapy of Cancer taskforce recently
published consensus guidelines to define these terms (3).
Primary resistance is defined as progression of disease or at
best stable disease for less than 6 months for patients who
received a minimum of 6 weeks of therapy. Secondary
resistance is defined as nonresponse with progression of
disease after initial response to therapy with at least complete
response (CR), partial response (PR) or stable disease (SD) of
greater than 6 months duration. The mechanisms of resistance to
anti-PD-1 therapy are postulated to be diverse, but this remains
an area of exploration. In particular, identifying which
mechanism or mechanisms are responsible for disease
progression in individual patients is an area of ongoing interest.

A full review of immunotherapy escape mechanisms is
outside the scope of this review; this topic has been reviewed
extensively elsewhere and is summarized briefly here (4–7).
Mechanisms attributed to resistance include a lack of target
tumor neoantigens, or impaired antigen presentation in the
tumor. Further, a lack of tumor immune cell infiltration
described as a “cold” tumor, within which the non-inflamed
tumor lacks the effector T cell populations that are the basis of
benefit from ICI has been reported. Further, impairment of IFNg
secretion or signaling or other inflammatory cytokine responses
can lead to resistance (8). This is often accompanied by presence
of other types of suppressive immune cells, including M2
macrophages, T regulatory cells (Tregs), and myeloid derived
suppressor cells (MDSCs). Alternative checkpoints that may
govern the antitumor function of T cells, such as LAG3, TIM3
and other inhibitory receptors are also discussed here, as they can
lead to reduction of antitumor cytotoxicity of T cells and are
observed in exhausted T cells after chronic antigen stimulation.
We will focus on strategies for which clinical data from ongoing
trials are anticipated.

A combinatorial approach with ICI has been favored for many
of these therapies, both because of limited efficacy seen thus far
with many of the single agents being explored, and also because of
postulated mechanisms of resistance to immunotherapy. For
example, an alternative inhibitory receptor may reduce T-cell
exhaustion, but may not be sufficient to promote T effector
cytotoxicity without the concurrent administration of anti-PD-1.
An example of successful combinatorial therapy is seen with dual-
checkpoint inhibition using nivolumab and ipilimumab, as seen in
several disease types including melanoma, lung cancer, and renal
cell carcinoma. However, increases in response rates compared to
ipilimumab monotherapy have come at the expense of increased
toxicity (9). Where available, efficacy and toxicity with
combination therapy are reported in this review.
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RECEPTOR PATHWAYS

Additional inhibitory checkpoint receptors are being explored
as a potential avenue for single agent or combined therapy with
anti-PD-1. Many of these receptors were identified in the
setting of chronic viral infection, which leads to T cell
exhaustion and unresponsiveness to stimuli. Therapies
targeting inhibitory receptors are postulated to augment
anti-tumor response, perhaps by reversing T cell exhaustion.
Most of these are monoclonal antibodies that act via inhibitory
receptors to relieve inhibition of T cell activity. This review will
focus on effector T cell receptors, however it is worth noting
that additional strategies for targeting other suppressive
immune cell actors including MDSCs and Tregs are
under development.

Lymphocyte Activation Gene-3
Lymphocyte activation gene-3 (LAG3) (CD223) is a type I
membrane protein found on the surface of activated T cells, T
regulatory cells, NK cells, and plasmacytoid dendritic cells (10).
LAG3 demonstrates homology to the costimulatory membrane
protein CD4 and binds major histocompatibility complex II
(MHCII) (11). LAG3 expression on T cells is upregulated after
continued antigenic stimulation, and often co-expressed with
additional inhibitory receptors such as PD-1 and TIGIT (12).
LAG3 can also be proteolytically cleaved, releasing the external
portion to become soluble LAG3, the role of which remains
unclear (13). LAG3 has multiple functions in suppressing the
immune response, as elucidated by murine knockout models.
First, LAG3 decreases CD4+ T cell proliferation and secretion of
inflammatory cytokines such as IL-2, IFNg, and TNFa (14).
LAG3 also affects the development of memory CD4+ T cells (15).
LAG3 promotes the suppressive activity of Tregs, and inhibition
of LAG3 can reduce Treg formation (16, 17). Similar
immunosuppressive properties of LAG3 have been observed in
human tumor samples (18). These data support LAG3 as an
additional promising clinical immunotherapy target.

LAG3-targetting agents are currently under clinical
investigation from several companies. Soluble LAG3 peptide
(IMP321; eftilagimod alpha) has been tested in several early
phase clinical trials for patients with solid tumors, both as
monotherapy and as an adjuvant to vaccine development. In a
phase I/IIa trial in resected melanoma, IMP321 was used as an
adjuvant with a peptide vaccine in which the primary objective
was to evaluate the T cell response and toxicity of the therapy
(19). Indeed, CD8+ and CD4+ T cell responses were induced in
the majority of patients. Additional studies have been conducted
in combination with gemcitabine in patients with pancreatic
cancer with a best response of stable disease (20), and in
combination with paclitaxel for breast cancer with an objective
tumor response rate of 50% (partial responses in 15/30 patients)
(21). Partial responses have also been seen in combination with
pembrolizumab in head and neck carcinoma in a phase II trial
(22). Ongoing combinatorial strategies for IMP321 are
under investigation.
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Further, a number of anti-LAG3 monoclonal antibodies is
under development, including BMS-986016 (relatlimab),
LAG525, TSR-033, REGN3767, and MK-4280. These
antibodies are under therapeutic evaluation in patients with
melanoma, both as monotherapy and in combination with
anti-PD-1. Further, they are being explored in the neoadjuvant
and metastatic settings. Recruitment is ongoing for the majority
of these studies. Preliminary data from NCT01968109, reporting
the results of relatlimab plus nivolumab in melanoma patients
who have received prior immunotherapy was reported at ESMO
2019 with an ORR of 11.5% (23). In a Phase I study of advanced
solid tumors, LAG525 was given with or without spartalizumab
resulting in the majority of patients discontinuing treatment for
progressive disease (79% and 67% respectively) (24). Efficacy was
reported as 11 PRs and 1 CR in the combination arm. Together,
these data demonstrate less success with second line LAG3
inhibition than had been anticipated, but larger phase II
studies in the treatment refractory and treatment naïve setting
are needed to assess the potential role of this agent and
are forthcoming.

T Cell Immunoglobulin and Mucin-Domain
Containing-3
T cell immunoglobulin and mucin-domain containing-3 (Tim-
3) is a type I transmembrane protein found on the surface of T
cells, NK cells, dendritic cells and macrophages (25). Tim-3 has
several ligands including galactin-9, engagement of which
results in cell death of Th1 cells (26). Other ligands include
ceacam1, which may stabilize Tim-3 on the cell surface, and
HMGB1 and phosphatidylserine (27). Tim-3 is also a marker of
exhausted T cells, and is often co-expressed on CD8+ T cells
with PD-1 (28). Tim-3 is associated with decreased
inflammatory cytokine production of IFNg, and can also
enhance the immunosuppressive activity of Foxp3 Tregs, (29)
(30). Tim-3 can also contribute to the suppressive TME by
promoting the generation of MDSCs (31). In humans, Tim-3 is
implicated in autoimmunity as well as chronic viral infections
(29, 32). Patients whose tumors exhibit high levels of Tim-3
expression are more likely to have worse prognosis in several
tumor types (27).

Similar to LAG3, Tim-3 is an attractive clinical target and
several monoclonal antibodies targeting Tim-3 are under
investigation including MGB453, TSR-022, Sym023, BGBA425,
RO7121661, ICAGN02390, LY3321367, and BMS-986258.
Ongoing trials with these antibodies were recently summarized
in the review by Acharya, et al (33). Clinical data is forthcoming.
LY3321367 alone, or with an anti-PD-L1 therapy, did not
produce any dose-limiting toxicities, and was associated with
>20% tumor regression (1 PR) in the monotherapy arm
(NCT03099109) (34). For patients with NSCLC and melanoma
treated with prior anti-PD-1/PD-L1, MBG453 was given with
spartalizumab in a phase II study. Of the 33 patients in that
study, 15.2% were being treated at the time of abstract
presentation, with the remainder discontinuing study due to
progressive disease. Grade 3/4 adverse effects including pruritis,
amylase and lipase elevation, increased ALT were noted (35). As
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with the studies of LAG3, mature data and larger studies are
in development.

T Cell Immunoreceptor With
Immunoglobulin and ITIM Domain
T cell immunoreceptor with immunoglobulin and ITIM domain
(TIGIT) is another inhibitory receptor on T cells, as its name
implies. TIGIT is a found on activated CD8+ and CD4+ T cells,
NK cells, Tregs and T follicular cells (36). TIGIT binds to
multiple ligands including CD155 and CD112, for which
binding competes with the co-stimulatory receptor CD226/
DNAM-1 (37). TIGIT is highly expressed in tumor samples
and T cells that also express PD-1, suggesting a role in T cell
exhaustion (38). In murine models of CT26 colorectal
carcinoma, monotherapy with anti-TIGIT therapy did not
effect tumor growth; however, when introduced with anti-PD-1
it resulted in a reduction of tumor growth (38). Further, this
combination increased percent of tumor-infiltrating IFNg+
CD8+ T cells (38). The anti-tumor effect of TIGIT may also be
mediated by NK cells and enhanced by IL-15 (39).

A number of anti-TIGIT monoclonal antibodies are under
development as listed in Table 1. A recent review by Chauvin,
et al. lists ongoing Phase I/II clinical trials involving TIGIT,
which are primarily being conducted with anti-PD-1/PD-L1
therapies (36). Results from the CITYSCAPE Phase II trial of
anti-TIGIT tiragolumab and atezolizumab in patients with PD-
L1+ advanced NSCLC demonstrated grade >=3 TRAE in 15% of
patients. ORR was higher in patients receiving tiragolumab and
atezolizumab (37.3% (CI 25–49.6) compared to those receiving
placebo and atezoliumab (20.6% (CI 10.2–30.9), with an odds
ratio of 2.57 (CI 1.07–6.14) (40). Tiragolumab with or without
atezolizumab was also tested in patients with advanced solid
tumors, in a Phase Ia/Ib dose escalation trial with TRAE of ≥
grade 3 in 4% of patients in each phase (41). There were three
responses greater than stable disease in the Phase 1b portion, all
of which occurred in PD-L1 positive patients. In an additional
NSCLC expansion cohort ORR was 50%. Results are not yet
available for additional clinical trials.

Additional Inhibitory Receptors
Additional inhibitory receptors under current clinical
investigation include V-domain Ig-containing suppressor of T
cell Activation (VISTA) (42). VISTA has homology to CD28
family members including PD-1 (43). Data is primarily available
in the preclinical setting, but suggests VISTA blockade may
reduce tumor growth in melanoma models, and alter the TME by
reducing MDSCs and Tregs (44). The small molecule CA-170
which binds both VISTA and PD-1 has been evaluated in phase I
trials with patients with advanced solid tumors, lymphomas and
mesotheliomas (45, 46). Phase I trials with anti-VISTA
monoclonal antibody is also currently underway.

Neuropilin-1 (NRP1) is another inhibitory receptor under
investigation for its clinical potential (47). NRP1 may play a role
in T cell dysfunction and is highly expressed on PD1+
intratumoral CD8+ T cells. Murine melanoma models
exhibited decreased tumor growth with treatment of
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combination anti-PD-1 and anti-Nrp-1 (48). Early phase clinical
trials with two anti-NRP1 agents were published, but do not
appear to have been pursued further, in part due to toxicity (49,
50). An anti-NRP1 monoclonal antibody is currently under
clinical development in a Phase 1b trial.

Co-Stimulatory Receptors
Another strategy has been to target co-stimulatory receptors with
monoclonal antibodies that behave as receptor agonists, with or
without anti-PD-1 blockade. These receptors include OX40,
CD27, 4-1BB, and GITR. Co-stimulatory receptors are present
on T cells and counter-act the negative regulation of inhibitory
receptors such as PD-1 and CTLA-4 (51). Phase I studies of anti-
OX40 agonists have yielded disappointing results, with a single
partial response noted in the trial of MEDI0562 in advanced
solid tumors, and best response of stable disease with GSK998
(52, 53). When combined with pembrolizumab in a trial
enrolling 96 patients, anti-OX40, gave 2 CRs and 7PRs (53). 4-
1BB targeted therapy was complicated by hepatic toxicity that
was mitigated at lower doses (54). However, efficacy of
monotherapy and combination treatment with anti-PD-1 was
not particularly impressive (55). Several companies have
dropped their pursuit of co-stimulatory monoclonal antibodies,
such as OX40 from their pipelines.
DAMAGE- OR PATHOGEN-ASSOCIATED
MOLECULAR PATTERNS

Pattern recognition receptors (PRRs) were identified as part of
the innate immune system as a first line defense to pathogens.
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These receptors can recognize pathogen-associated molecular
patterns (PAMPs) and include a family of receptors called
toll-like receptors (TLRs). Additional receptors have been
identified to recognize damage-associated molecular patterns
(DAMPs). TLRs are present on both immune and non-
immune cell types. Presence of a PAMP/DAMP leads to
TLR activation, and downstream activation of transcription
factors that result in the production of interferons, and
interferon-stimulated responses. In addition to triggering
the production of inflammatory cytokines and chemokines,
the IFN response is also important for antigen presentation
and the priming of an adaptive immune response. Interferon
triggers maturation of antigen-presenting cells, leading to
presentation of proteins in the context of MHC. This
ultimately leads to the induction of specific T and B cell
responses. Preclinical work with tumor cell lines and murine
models however, have also shown data suggesting TLR
stimulation can lead to tumor proliferation (56, 57).
Whether the anti-tumor effects of TLR-stimulation can be
specifically harnessed is a work in progress.

Although the mechanisms were not known at the time,
TLR-agonists were used in early cancer therapy by William
Coley (58). In his historic experiments, patients with cancer
were injected with lipopolysaccharide (LPS)-containing
bacterial concoctions, and tumor regression was occasionally
noted. Unsurprisingly, these patients also developed high
fevers and other intolerable side effects. LPS was ultimately
identified in these bacterial cocktails as the active agent. Since
that time many strategies to utilize PRRs in cancer therapy
have been exploited as described below and summarized in
Table 2.
TABLE 1 | Summary of inhibitory receptors in clinical trials.

Receptor Binding Partners Therapies under development Clinical trials

LAG3 MHC II IMP321
Relatlimab
LAG525
TSR-033
REGN3767
MK-4280

IMP321: Vaccine adjuvant
With gemcitabine for pancreatic cancer
With paclitaxel in breast cancer
With pembrolizumab in HNSCC

Relatlimab: With nivolumab in melanoma
LAG525: With Spartalizumab in advanced solid tumors

TIM-3 Galectin-9
Ceacam1
HMGB1
Phosphatidylserine

MGB453
TSR-022
Sym023 BGBA425 RO7121661 ICAGN02390
LY3321367
BMS-986258

LY3321367: With and without anti-PD-L1 in advanced solid tumors
MBG453: With spartalizumab in NSCLC and melanoma

TIGIT CD155
CD112

BMS-986207
BGB-A1217
Tiragolumab
AB154
ASP8374
MK-7684
COM701
LY3435151

Tiragolumab: With atezolizumab in NSCLC
With atezolizumab in advanced solid tumors

VISTA Unknown JNJ-61610588 (CI-8993)
CA-170
W0180

CA170: In advanced solid tumors and lymphoma
In mesothelioma

NRP-1 Class 3 Semaphorins
Growth factors (VEGF, TGF, HPF
and others)

MNRP1685A
ASP1948
CEND1

MNRP1685A: with bevacizumab, with or without paclitaxel in
advanced solid tumors
CEND1: with gemcitabine and nab-paclitaxel in pancreatic cancer
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Toll-Like Receptor Agonists
Toll-Like Receptors That Bind Nucleic Acids
TLRs recognizing nucleic acids have been under investigation
and promising for some time as therapeutic agents for cancer.
These include TLR3, TLR7, TLR8, and TLR9. TLR3 recognizes
dsRNA, and a common synthetic nucleic acid used for
stimulation is polyinosinic:polycytidylic acid (poly(I:C)). Early
studies had issues with toxicity and stability and were
discontinued (59). Further, phase I studies with poly(I:C)
monotherapy appeared to have little clinical efficacy (60). Since
that time, several compounds modified to enhance stability have
been produced and are being studied in various malignancies in
combination with immunotherapy and as adjuvants in vaccine-
based strategies (61). Early phase clinical trials are ongoing with
the formulations rintatolimod and ARNAX.

TLR7 and TLR8 recognize single-stranded RNA. Stimulation
results in activation of MyD88, and secretion of cytokines,
including type I interferons. The synthetic imidazoquinolones
have been tested as antiviral treatments, and now derivatives are
being explored as cancer therapeutics. Imiquimod is compound
used topically to treat several skin conditions, including basal
cell carcinomas and is being explored in pre-cancerous lesions,
such as cervical intraepithelial neoplasia. Imiquimod has also
been used in early phase clinical trials for treatment of
cutaneous metastases for breast cancer and melanoma,
however has not been pursued further (62, 63). Imiquimods
have been explored as an adjuvant cancer vaccines and is being
used in a variety of these trials (NCT01678352, NCT00799110,
NCT01792505) (64). Resiquimod binds both TLR7 and TLR8
and is similarly being explored as an adjuvant in cancer vaccines
(65). Motolimod (VTX-2337) is another imidazoquinolone with
preclinical evidence supporting activation of NK cells and
priming of CD8+ T cells when given with cetuximab (66, 67).
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A phase 1b clinical trial of motolimod and cetuximab in patients
with head and neck squamous cell carcinoma resulted in
demonstration of maximum tolerated dose with 2/13 patients
achieving partial responses (68). Studies are ongoing with
motolimod in combination with anti-PD1 for patients with
head and neck cancer (NCT03906526), as well as with
doxorubicin and durvalumab in patients with ovarian
cancer (NCT02431559).

TLR9 recognizes double-stranded DNA, typically in the form
of unmethylated cytidine phosphate guanosine (CpG)
oligonucleotides (ODN) present in pathogens. Several synthetic
CpG-ODNs have been investigated for cancer therapy, including
in combination with chemotherapy, immunotherapy or as
vaccine adjuvants. Lefitolimod (MGN1703) is a DNA molecule
tested in a phase I dose escalation with ipilimumab, with planned
dose escalation (NCT02668770) (69). SD-101 is another CpG-
ODN that has been tested intratumorally in combination with
pembrolizumab in a phase 1b clinical trial with an ORR of 15%
(70). A number of trials are ongoing evaluating SD-101 in
hematologic malignancies, as well as in pancreatic cancer
(NCT04050085) and prostate cancer (NCT03007732). CMP-
001 is a CpG-A virus-like particle that stimulates TLR9.
Intratumoral CMP-001 with pembrolizumab has been shown
in a Phase 1b trial demonstrating 24% ORR in melanoma
patients who have previously progressed on anti-PD-1 therapy
(71). Additional trials are evaluating CMP-001 by subcutaneous
administration (NCT03084640), in the neoadjuvant setting
(NCT04401995), and in other solid tumors and hematologic
malignancies. Tilsotolimod (IMO-2125) is another TLR9 agonist
being investigated in combination with nivolumab and
ipilimumab for patients with solid tumors (NCT03865082),
with preliminary data from a phase 1/2 trial only available by
press release thus far.
TABLE 2 | Toll-like receptor (TLR) agonists under investigation.

Receptor PAMP Therapies under development Clinical trials

TLR3 polyinosinic:polycytidylic acid (poly(I:C)) Rintatolimod
ARNAX

Rintatolimod: with IFN for melanoma, colorectal cancer, prostate cancer
With pembrolizumab and cisplatin for ovarian cancer
With IFN and neoadjuvant chemotherapy for breast cancer

TLR4 Lipopolysaccharide MPLA
GLA-SE
GSK1795091

GLA-SE: Vaccine adjuvant
GSK1795091: With immunotherapy in advanced solid tumors

TLR7
TLR8

Single-stranded RNA Imiquimods
Resiquimod
Motolimod

Imiquimod: With tumor lysate vaccine in grade II gliomas
With dendritic cell vaccine in malignant gliomas
With dendritic cell and GM-CSF vaccine in ovarian cancer
Resiquimod: Vaccine adjuvant
Motolimod: With nivolumab in HNSCC
With doxorubicin and durvalumab in ovarian cancer

TLR9 Double-stranded DNA Lefitolimod
SD-101
CMP-001
Tilsotolimod

Lefitolimod: With ipilimumab in advanced solid tumors
SD-101: With anti-Ox40 for NHL
With ibrutinib and radiation for follicular lymphoma
With nivolumab and radiation for pancreatic cancer
With pembrolizumab in prostate cancer
With pembrolizumab in breast cancer
CMP-001: With pembrolizumab in HNSCC
With Pembrolizumab in melanoma
With nivolumab, ipilimumab and radiation in colorectal cancer
With immunotherapies in advanced solid tumors
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Toll-Like Receptors That Recognize Other Bacterial
Products
Additional TLRs target bacterial components. TLR1,2,6, and 4
bind bacterial cell wall products and TLR5 binds flagellin.
TLR2 is found on the cell surface and forms a heterodimer
with either TLR1 or TLR6 that recognized lipoproteins (72).
Although there are several synthetic lipoproteins targeting
these receptors being explored in autoimmunity or as
adjuvants in therapy of viral infection, none are actively
explored in malignancies. BCG is used to treat non-muscle-
invasive bladder cancers, and may work in part by
inducing inflammation through TLR2 and TLR4 (73).
TLR4 agonists have been explored extensively since Coley’s
initial observations. An LPS derivative of Salmonella,
monophosphoryl lipid A (MPLA) is a TLR4 agonist that is
currently used as an adjuvant in the Cervarix HPV vaccine
(74). A dose escalation studies of lipid A formulations as
monotherapy for were tolerated at lower doses, but did not
demonstrate anti-tumor responses as monotherapy (75, 76).
TLR4 agonists such as GLA-SE have been used as adjuvants in
vaccines directed at malignancies or infectious agents, but are
not actively being developed in oncologic trials (77).
Currently, GSK1795091 synthetic agonist was tested in
healthy volunteers, and a planned trial in combination with
immunotherapy in advanced solid tumors is planned
(NCT03447314) (78). TLR5 binds flagella, and has been
targeted by Mobilan, an adenoviral vector expressing
flagellin. Mobilan has been tested in a phase I trial with
intratumoral injection for prostate cancer, though has not
been pursued further (79).
Additional Pathogen Recognition
Receptors
Additional PRRs have been identified since the initial discovery
of TLRs and include RIG-I like receptors (RLRs), NOD-like
receptors (NLRs) and C-type lectin receptors (CLRs). The work
on these receptors has not been as well-developed as for the
TLRs, but are now being explored in cancer immunity. RLRs
include two receptors, retinoic acid-inducible gene I protein
(RIG-I) and melanoma differentiation associated protein 5
(MDA5) that bind viral RNA molecules. Downstream
signaling results in interferon secretion. The RIG-I agonist,
MK4621, was tested in a phase I/II trial for advanced solid
tumors without dose-limiting toxicities observed (80) and is
planned for study in combination with pembrolizumab
(NCT03739138). NLRs recognize bacterial products and lead
to activation of the inflammasome and IL-1b production. NLR
activation may contribute to carcinogenesis, and is being
explored for potential therapeutic targets (81, 82). CLRs are a
large group of PRRs that bind a wide variety of ligands and can
result in pro-inflammatory and anti-inflammatory responses,
and are trying to be understood (83). STING is an additional
nucleic acid PRR located in the endoplasmic reticulum (84).
Many early phase clinical trials are underway with STING agonists
as monotherapy, in combination with immunotherapy,
chemotherapy, or radiation (85).
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IMMUNE SIGNALING MEDIATORS

Cytokines
Cytokines in the TME are produced by infiltrating tumor and
stromal cells, and can contribute to either a pro-inflammatory or
anti-inflammatory milieu (86). Cytokine therapy has FDA
approved indications with IL-2 for renal cell carcinoma and
melanoma, and type I interferon for adjuvant therapy of
melanoma, and in CML and MPNs. While these therapies are
used infrequently in melanoma in favor of current ICI
immunotherapy, a small number of patients do well, and may
have been cured with IL-2 in metastatic RCC (87). GM-CSF has
also been investigated for its potential benefits in cancer therapy.
The GM-CSF modality is currently an underlying basis of the
benefits of talimogene laherparepvec, an FDA-approved
oncolytic immunotherapy for melanoma (88). The body of
literature discussing the many functions of cytokines in cancer
therapy is vast, and this review will focus on those therapies
currently under development.

Toxicity has been a significant issue with cytokine
administration in clinical trials and standard therapies, as
evidenced by the experience with IL-12. Preclinical data
demonstrated the anti-tumor effects of IL-12 by multiple
mechanisms and in several murine tumor models (89).
However, although a dose was selected in phase I trials to
minimize toxicity, the phase II study was halted after
significant toxicity and 2 patient deaths (90, 91). The
additional toxicities seen in the phase II trial were thought to
be a result of a change in the dosing schedule, when a priming
initial dose was no longer given. Interest in IL-12 persists, with
formulations such as NHS-IL12, an IL12 heterodimer fused to an
antibody, tested in a phase I trial (92). A number of ongoing trials
with this compound are ongoing, as monotherapy and in
combination with immunotherapy. Additional studies use IL-
12 expressing viral or CART constructs.

IL-15 shares part of the IL-2 receptor and signaling pathway,
and similarly results in NK and T cell proliferation (93). Unlike
IL-2, however, IL-15 is not thought to stimulate T regulatory
cells, making it an attractive target. Recombinant IL-15
(rhIL15) has been studied in patients with advanced solid
tumors in a phase I study, notable for increased NK and CD8
+ T cell proliferation seen in the peripheral blood (94).
Subcutaneous rhIL15 along with haploidentical NK cell
infusion was used to treat patients with acute myeloid
leukemia, demonstrating NK cell proliferation and 40%
remission rates, though cytokine release syndrome was noted
in 56% of these patients (95). ALT-803 is a IL-15/IL-15Ra Fc
fusion complex, referred to a superagonist, that has been tested
in PD-1 refractory NSCLC patients evaluated in phase Ib study,
with additional studies ongoing (96). Other formulations of IL-
15 have been developed and are undergoing clinical trials,
including recombinant proteins BJ-001, PF-07209960,
NIZ985, and N-803. Additional combinations of IL-15
products are being conducted with immunotherapy, and as
part of adoptive cell therapy products.

Interferon-g is a type III interferon potently induced by IL-12,
whose expression is associated with immunotherapy response in
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melanoma (8). However, IFNg has been associated with both
anti-tumor and pro-tumor effects (97). Clinical trials with IFNg
as monotherapy have not been fruitful, perhaps due to its
seemingly contradictory role in the TME. Other cytokines
initially pursued and since abandoned for toxicity and lack of
efficacy include IL-21 and IL-7 (98).

Small Molecule Inhibitors
In addition to traditional cytokines and chemokines, the TME
also contains a number of small molecules that effect the
inflammatory state of the tumor. Indoleamine 2,3-dioxygenase
1 (IDO1) helps convert tryptophan to kynurenine, which has an
immunosuppressive effect on the TME. Kynurenine promotes
development of Tregs and MDSCs (99). Epacadostat is an IDO1
inhibitor that has been studied in combination with
pembrolizumab. Although the initial phase I/II trial in
advanced solid tumors showed promise, the phase III trial in
melanoma did not show a difference in progression-free survival
or overall survival versus placebo with pembrolizumab (100,
101). Many of the ongoing trials of IDO1 inhibitors have since
been terminated, though a few trials with IDO1 inhibitor BMS-
986205 are still recruiting.

The phosphoinositide 3-kinase (PI3K) signaling pathway
functions at many stages of cancer biology including cell
division, differentiation, motility and metabolism (102).
Inhibitors downstream of the PI3K pathway are active in some
solid tumors, including everolimus in neuroendocrine tumors
(103) and everolimus with exemestane in breast cancer (104).
Targeting the PI3K isoforms g and d, that are specifically
expressed in hematopoietic cells, is an area of investigation
supported by preclinical work showing alterations in the TME
to a pro-inflammatory phenotype (105). PI3Kg and g/d
inhibition are being studied in clinical trials.
CONCLUDING REMARKS

The strategies discussed in this review highlight a number of
promising approaches for overcoming immunotherapy
resistance, a significant treatment dilemma for patients with
advanced melanoma. These therapies all aim to increase local
inflammation in the TME but by drastically different
mechanisms, with varying routes of administration and
toxicities. Of these, use of DAMPs/PAMPs are of particular
promise, and early phase trials have shown intratumoral and
administration with anti-PD-1 to be tolerable with early signs
of efficacy. Development of intravenous formulations or
formulations compounded with anti-PD-1 monoclonal
antibodies could be an interesting avenue to explore. We
look forward to more data in this field and with other
tumor types.

One major challenge in the development and testing of novel
immunotherapeutics is the heterogeneity of mechanisms of
resistance. Patients have varying expression of inhibitory
receptors after immunotherapy, differing levels and types of
Frontiers in Oncology | www.frontiersin.org 772
immune infiltrates, and differences in mutational profiles and
epigenetic changes that can all alter response to immunotherapy
(106). This heterogeneity may also contribute to the limited
efficacy observed in some trials. However, without definitive
biomarkers to reliably sort patients by mechanism, this
truly personalized approach remains currently out of reach.
While some biomarkers are certainly helpful, such as TMB and
PD-L1 expression, even these do not always correlate with
response (107).

Ongoing efforts to identify biomarkers are underway,
including with gene-expression profiling, such as those
signatures associated with IFNg (8, 108). Until robust
biomarkers are identified and then correlated with response to
specific therapies, an all-comers approach must be utilized. After
validation of a biomarker-based treatment approach, these
therapies could also be explored in the front-line setting,
perhaps identifying those at risk for primary resistance to
immunotherapy, and ultimately leading to greater portion of
those with durable responses. Cost-benefit analysis would also be
an important factor in the design of a biomarker-driven,
personalized medicine approach to avoid contributing to the
already egregious cost of oncologic care that may benefit a small
portion of patients.

The strategies discussed in this review are only a part of the
approach being considered for overcoming immunotherapy
resistance, and a number of other promising strategies
that are under development. These include vaccine
development with tumor-associated antigens, in part with
the adjuvants mentioned here. Other strategies that may
in the near future gain regulatory approval include
adoptive cell transfer, both with the use of TILs and perhaps
with CAR-T therapies. Finally, targeting other elements of the
TME that are a more fundamental basis of immunotherapy
resistance, such as myeloid derived suppressor cells and T
regulatory cells are also under development. There is much
reason for excitement given the breadth and pace of
development of immunonotherapeutics and forthcoming
results in the next several years will dictate the future of
the field.
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Background: Skin Cutaneous Melanoma (SKCM) is a tumor of the epidermal
melanocytes induced by gene activation or mutation. It is the result of the interaction
between genetic, constitutional, and environmental factors. SKCM is highly aggressive
and is the most threatening skin tumor. The incidence of the disease is increasing year by
year, and it is the main cause of death in skin tumors around the world. CXC chemokines
in the tumor microenvironment can regulate the transport of immune cells and the activity
of tumor cells, thus playing an anti-tumor immunological role and affecting the prognosis of
patients. However, the expression level of CXC chemokine in SKCM and its effect on
prognosis are still unclear.

Method: Oncomine, UALCAN, GEPIA, STRING, GeneMANIA, cBioPortal, TIMER,
TRRUST, DAVID 6.8, and Metascape were applied in our research.

Result: The transcription of CXCL1, CXCL5, CXCL8, CXCL9, CXCL10, and CXCL13 in
SKCM tissues were significantly higher than those in normal tissues. The pathological
stage of SKCM patients is closely related to the expression of CXCL4, CXCL9, CXCL10,
CXCL11, CXCL12, and CXCL13. The prognosis of SKCM patients with low transcription
levels of CXCL4, CXCL9, CXCL10, CXCL11, and CXCL13 is better. The differential
expression of CXC chemokines is mainly associated with inflammatory response, immune
response, and cytokine mediated signaling pathways. Our data indicate that the key
transcription factors of CXC chemokines are RELA, NF-kB1 and SP1. The targets of CXC
chemokines are mainly LCK, LYN, SYK, MAPK2, MAPK12, and ART. The relationship
between CXC chemokine expression and immune cell infiltration in SKCM was closed.

Conclusions: Our research provides a basis for screening SKCM biomarkers, predicting
prognosis, and choosing immunotherapy.
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INTRODUCTION

Skin Cutaneous Melanoma is a common skin tumor caused by
abnormal hyperproliferation of melanocytes (1). Its incidence
varies with race, region, and age. The incidence of white people is
much higher than that of black people, with the incidence of
white people living in Queensland, Australia reaching 17/100,000
(2). In recent decades, the incidence of melanoma has continued
to increase worldwide. It is the fastest-growing malignant disease
in men and second only to lung cancer in women, with annual
growth rates of 3–5% (3). Melanoma ranks 5th and 6th in
malignant diseases in males and females, respectively, second
only to adult leukemia in terms of risk of death (4). The median
age of onset was 45–55 years old. Risk factors for melanoma
include clear family history, melanoma history, multiple atypical
or dysplastic nevi, and congenital genetic mutations (5). Sun
exposure may also promote the development of melanoma (5).
The association between molecular biological indicators and
tumor prognosis has aroused great attention of researchers
lately. Studies have revealed the relationship between the
expression of S-100, Vimentin, and other proteins and tumor
metastasis and prognosis (6). However, more effective
therapeutic targets and more sensitive markers related to
prognosis are still to be developed.

Chemokines are a superfamily composed of small molecules
of cytokine-like proteins (7). CXC chemokines are an important
member of this family (8). They occupy a major position
in inflammation and damage repair and are closely linked with
the occurrence, development, invasion, and metastasis of tumors
(9). The function of CXC chemokines in tumors is deep
association with the existence of ELR domains (10). CXC
chemokines containing ELR domains are mainly concerned
with the growth, proliferation, metastasis, and angiogenesis
regulation of tumor cells. The diversity of functions of CXC
chemokines without ELR domains in tumors may be related to
the difference of ELR-CXC chemokine binding receptors.
Therefore, we therefore speculate that CXC chemokines may
also occupy and major position in various biological processes
of SKCM.

In SKCM there are many updated reviews on molecular
factors important for biology, drug targeting, and prognosis
(BRAF, MEK, PD-1 et. al) (11–13). However, few studies have
focused on the mechanism of CXC chemokine in SKCM and its
potential value. Studies have reported the expression and
function of some members of CXC chemokines in SKCM.
However, so far it is still unknown which CXC can be used as
a biomarker for prognosis and a target for immunotherapy for
SKCM. With the continuous update and iteration of a variety of
biological detection methods, it is possible to comprehensively
analyze CXC chemokines.

Hence, the focus of this research is to find biological targets
from CXC that can be used as the diagnosis and treatment of
SKCM. In addition, we hope to discover the specific molecular
mechanism of CXC affecting prognosis of SKCM through
bioinformatics analysis.
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ONCOMINE
ONCOMINE (http://www.oncomine.org) is a great tumor gene
chip database, which contains multiple functions include finding
outliers, predicting co-expressed genes, and analyzing gene
expression differences (14). It can also be classified according
to clinical information such as tumor stage, grade, and tissue
type, and can also be used to search for possible diagnostic
biomarkers and therapeutic targets. In this study, figure was
exported to show the expression difference of CXC chemokines
in SKCM through analysis from this website. The expression
differences of CXC chemokines in SKCM were analyzed by a
Student t-test. ONCOMINE contains 715 datasets and
86,733 samples.

UALCAN
UALCAN (http://ualcan.path.uab.edu/index.html) can
effectively analyze and mine cancer data on-line (15). The
tumor-related data of the TCGA database is the basis of data
mining on this website. The function of UALCAN includes
biomarker identification, expression profile analysis, survival
analysis, etc. In our study, the SKCM data set was import into
UALCAN Expression Analysis module to evaluate the CXC
chemokines expression. Student t-test was used to analyzed
SKCM data.

GEPIA
GERIA (http://gepia.cancer-pku.cn/index.html) is a newly
developed interactive web server for analyzing the RNA
sequencing expression data of 9,736 tumors and 8,587 normal
samples from the TCGA and the GTEx projects, using a standard
processing pipeline (16). It fills the gap of big data information in
cancer genomics. GEPIA analyzed RNA sequencing expression
data from 9,736 tumors and 8,587 normal samples from the
TCGA and GTEx projects. The expression data of TCGA and
GTEx are calculated under the same pipeline, which can be
directly analyzed in a very comprehensive way. The database is
an open public database. In this study, we used GEPIA’s “Single
Gene Analysis” to analyze the differential expression of CXC
chemokines in tumor tissues and normal tissues, as well as
pathological stage Analysis and prognosis Analysis. “Multiple
Gene Comparison” was used for the polygenic comparative
analysis of CXC chemokines in the “SKCM” data set. Student
t-test was used to explore SKCM data.

STRING
STRING (https://string-db.org/) is a database that searches for
known interactions between proteins and predicts their
interactions (17). The database, available for 2,031 species,
contains 9.6 million proteins and 13.8 million protein–protein
interactions. It contains experimental data, PubMed abstracts,
and other database data, as well as results predicted by
bioinformatics methods. In this study, STRING was used for
PPI analysis of CXC chemokines and peripheral interaction gene.
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GeneMANIA
The function of GeneMANIA (http://www.genemania.org) is to
predict the interactions between proteins, including Predicted,
Physical Interactions, co-location, co-expression, Pathway, Shared
protein domains, and Genetic Interactions (18). GeneMANIA has
almost 2,277 networks that collectively contain nearly 600 million
interactions covering almost 163,599 genes.

cBioPortal
cBioPortal (www.cbioportal.org) integrates data from 126 tumor
genome studies (19). These included large tumor research
projects such as TCGA and ICGC, which included data from
28,000 samples, and some samples with phenotypic information
such as clinical prognosis. Genetic variation, gene network, and
co-expression of CXC chemokines in SKCM were analyzed
by cBioPortal.

TIMER
TIMER (https://cistrome.shinyapps.io/timer/) using a deconvolution
algorithm from the gene expression profile (TIICs) concluded that
tumor-infiltrating immune cells in abundance (20). Gene expression
data of 10,897 TCGA samples from 32 cancer types were reanalyzed
to estimate the abundance of six TIIC subsets (B cells, CD4+T cells,
CD8+T cells, macrophages, neutrophils, and dendritic cells) to
establish a link between tumor immunity and genomic data. The
web server provides the abundance of immune infiltrates estimated
by multiple immune-deconvolution methods and allows users to
dynamically generate high-quality graphics to fully explore the
immunological, clinical, and genomic characteristics of tumors.

TRRUST
TRRUST (https://www.grnpedia.org/trrust/) is a record of
transcription factors regulating the relationship database (21).
TRRUST contains 8,444 and 6,552 TF-target regulatory
relationships of 800 human TFs and 828 mouse TFs (21). It
includes not only the corresponding target genes of transcription
factors but also the regulatory relationship between transcription
factors. At present, the database only stores regulatory
information related to humans and mice, and these regulatory
relations are sorted out from the literature through text mining.

DAVID 6.8
DAVID 6.8 integrates biological data and analysis tools to
provide systematic and comprehensive biological functional
annotation information for the large-scale gene or protein lists
(hundreds of gene or protein ID lists) to help users extract
biological information from DAVID 6.8 (https://david.ncifcrf.
gov/summary.jsp) (22). GO enrichment analysis and KEGG
analysis on CXC chemokines and 50 closely related genes were
performed by applying DAVID.
METASCAPE

Metascape (http://metascape.org) integrates more than 40
bioinformatics databases (23). It not only includes bio-pathway
Frontiers in Oncology | www.frontiersin.org 379
enrichment analysis, protein interaction network structure
analysis, and abundant gene annotation functions but also
presents the results in high-quality graphical language that
biologists can easily understand. The enrichment analysis of
CXC chemokines and highly interacting genes were verified by
the Express Analysis module.
QRT-PCR ANALYSIS

10 SKCM tissues and 12 normal tissues were enrolled in our
research to verify the CXC chemokines expression. We obtained
consent of patients and ethical approval from the Xiangya
hospital ethics committee. All procedures were executed by the
ethics guidelines and regulations. We extracted total RNA of the
tissue by using Trizol reagent (Invitrogen, CA, USA). qRT-PCR
was performed with SYBR® Green dye (TaKaRa, Shiga, Japan).
The primer sequences of relative genes are provided in
Supplementary Table 1.
RESULTS

CXC Chemokines in SKCM Patients
The expression differences of 16 CXC chemokines between SKCM
patients and controls were analyzed in the Oncomine database
(Figure 1 and Table 1). Analysis results showed that the
transcription levels of CXCL1, CXCL5, CXCL8, CXCL9,
CXCL10, and CXCL13 in SKCM patients were significantly
increased compared with normal skin tissues. Risker et al.
confirmed that the transcription level of CXCL1, CXCL5,
CXCL8, and CXCL13 in SKCM patients were significantly
higher than those in normal skin tissues (24). Haqq et al. also
proved that the transcription of CXCL1, CXCL9, and CXCL10 in
melanoma patients is significantly higher than that in normal skin
tissues with a P-value of 0.005, 6.75E-4, and 2.52E-4 (25). Talatov
et al. also confirmed that the transcription level of CXCL8 was
significantly increased with a P-value of 0.004 (26). There was no
significant difference in the transcriptional levels of SKCMpatients
and normal people among CXCL2, CXCL3, CXCL4, CXCL6,
CXCL7, CXCL11, CXCL12, CXCL14, CXCL16, and CXCL17.

Relationship between 16 CXC chemokines and the
pathological stage of SKCM was assessed by GEPIA. The
results showed that CXCL4 (P = 0.0349), CXC9 (P = 7.74E-
05), CXC10 (P = 0.000105), CXC11 (P = 0.000664), CXC12
(P =0.00989), and CXC13 (P =0.000815) were notably associated
with the pathological stage of SKCM (Figure 2). High expression
of CXCL4, CXCL9, CXCL10, CXCL11, CXCL12, and CXCL13
promotes the progress of SKCM. It concluded that CXC
chemokines are extremely closely connected with the
pathological progress of SKCM.

CXC Chemokines in Primary SKCM and
Metastasis SKCM Patients
The difference in CXC chemokine expression levels between
primary SKCM and metastatic SKCM patients was analyzed by
March 2021 | Volume 11 | Article 619003
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UALCAN (Figure 3). Analysis results indicated that the CXCL1
(P = 4.16E-02) and CXCL7 (P = 1.46E-02) level in primary SKCM
patients was remarkably higher thanmetastasis SKCMpatients (P =
4.16E-02). However, the expression level of CXCL9 (P = 1.37E-11),
CXCL10 (P = 3.04E-03), CXCL12 (P = 5.05E-11), CXCL13 (P =
3.52E-06), and CXCL16 (P =1.18E-04) in patients with metastasis
SKCM is notably higher than that of patients with primary SKCM.
We concluded that CXCL1, CXCL 7, CXCL 9, CXCL 10, CXCL 12,
CXCL 13, and CXCL 16 have obvious differences in expression in
patients with primary SKCM and metastasis SKCM. No obvious
difference has been seen in the expression levels of CXCL2, CXCL3,
CXCL4, CXCL5, CXCL6, CXCL8, CXCL11, CXCL14, and CXCL17
in patients with primary SKCM and metastasis SKCM. We also
analyzed the expression levels of each gene of the CXC chemokine
family in SKCM tissue through the GEPIA website (Figure 4). The
analysis results revealed that CXCL12 and CXCL16 level in SKCM
patients were highest.

CXC Chemokines Affect Prognostic of
SKCM Patients
We evaluated the worth of different CXC chemokines in SKCM
clinical outcomes by using GEPIA. No obvious correlation
between the level of CXC chemokine family transcription and
disease-free survival time in SKCM patients was found (Figure
5). The worth of CXC chemokines with different expressions in
the total survival of SKCM patients was assessed (Figure 6). The
results showed that low expression of CXCL4 (p = 0.0028),
CXCL9 (P = 0.00024), CXCL10 (P = 2.8E-05), CXCL11
(P =1.9e-05), and CXCL13 (P = 2.7e-05) was remarkably
related to longer overall survival in SKCM.

Gene Changes, Adjacent Gene Networks,
and Interaction of CXC Chemokines in
SKCM
An exhaustive molecular characterization excavation of CXC
chemokines differentially expressed was performed. The genetic
changes of differentially expressed CXC chemokines were
analyzed applying the TCGA data set. The analytical results
showed that CXCL1, CXCL2, CXCL3, CXCL4, CXCL5, CXCL6,
CXCL7, CXCL8, CXCL9, CXCL10, CXCL11, CXCL12, CXCL13,
CXCL14, CXCL16, CXCL17 were changed in 4, 1.4, 2.5, 4, 2.2, 4, 5,
4, 7, 5, 4, 2.8, 2.2, 5,5, and 2.2% of the queried SKCM samples,
respectively (Figures 7A, B). The most common change in these
samples was increased mRNA expression. Also, PPI network
analysis was performed for CXC chemokines and Strings with
Frontiers in Oncology | www.frontiersin.org 581
different expressions to explore their possible interactions. Several
16 nodes and several 11 edges were acquired from the PPI network
(Figure 7C). PPI analysis results showed that the PPI enrichment
P-value was <1.0e-16. GeneMANIA analysis showed that the effect
of 16 CXC chemokines was mainly associated with chemokine
receptor binding and activity (Figure 7D). Besides, String
analyzed the top 50 most regularly interacting neighboring
genes related to 16 CXC chemokines. The results showed that
CXCR4, CXCR2, CCR5, IL10, CXCR1, CXCR5, CCL5, ACKR3,
CCL19, CXCR6, IL4, IL1B, CCL21, CCL11, CCL11, CCL20,
CCL25, RELA, CCL1, IL6, IL13, STAT3, MMP9, CCR4, CCR3,
ACKR1, CCL2, CCR5, CCL4L1, CCR2, MAPK14, TNF, VEGFA,
CCR7, CC R1, FPR2, JUN, CX3CL1, CEBPB, CCR10, VWF,
PTPRC, MAPK1, JAK2, CX3CR1, MAPK3, CCR9, LCN2, and
EP300 are mainly related to the regulation and capability of CXC
chemokines in SKCM patients (Figure 7E).

Biological Process Analysis of CXC
Chemokines
The enrichment analysis of CXC chemokines and its closely
interacting neighboring genes is performed by DAVID 6.8 and
Metascape. Figure 8A shows the first 10 items using DAVID 6.8
for the functional enrichment analysis. In the BP category,
inflammatory response, immune response, cytokine-mediated
signaling pathway, leukocyte chemotaxis, positive regulation of
ERK1 and ERK2, and cellular response to interferon-g,
interleukin-1, and tumor necrosis factor were associated with
SKCM oncogenesis and progression. In the CC category, the
extracellular space, external side of the plasma membrane,
extracellular region, cell, and Pseudopodium are the five
functional enrichment projects. In the MF category, the CXC
chemokines and its adjacent genes are mostly enriched in CXC
chemokine receptor binding, C-C chemokine receptor activity,
C-X-C chemokine receptor activity, CXCR Chemokine receptor
binding, MAP kinase activity, cytokine activity, heparin-binding,
and growth factor activity. KEGG pathway analysis was also
performed, and the results showed the chemokine signaling
pathway, cytokine receptor interaction, TNF signaling
pathway, toll-like receptor signaling pathway, Leishmaniasis,
Intestinal Immune Network for IgA production, Influenza, and
NOD-like receptor signaling Pathway, Chagas disease,
inflammatory disease, tuberculosis, T cell signaling pathway
are closely related to tumor formation (Figure 8B).

We also used Metascape for enrichment analysis. The functions
of CXC chemokines and their adjacent genes are mostly focused on
TABLE 1 | The mRNA levels of CXC in SKCM and normal skin tissues at transcriptome level.

TLR Type Fold change P-value t-test References

CXCL1 SKCM
Melanoma

4.096
12.232

0.003
0.004

3.535
4.100

(21)
(22)

CXCL5 SKCM 6.945 1.73E-4 4.528 (21)
CXCL8 SKCM

SKCM
5.651
2.559

0.004
0.004

3.239
2.837

(21)
(23)

CXCL9 SKCM 5.144 6.75E-4 6.321 (22)
CXCL10 SKCM 5.651 2.52E-4 6.311 (22)
CXCL13 SKCM 11.238 0.037 2.166 (21)
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cantly elevated compared with metastasis SKCM
0.05. There were no differences in transcriptional
SKCM patients. The p value was set at 0.05.
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FIGURE 3 | The transcription of CXC chemokines in SKCM (UALCAN). The transcriptional levels of (A) CXCL1 and (G) CXCL7 in primary SKCM tissues were signifi
patients while the transcriptional levels of (I) CXCL 9, (J) CXCL 10, (L) CXCL 12, (M) CXCL 13, and (O) CXCL 16 were significantly reduced. The p value was set at
levels of (B) CXCL 2, (C) CXCL 3, (D) PF4, (E) CXCL 5, (F) CXCL6, (H) IL 8, (K) CXCL11, (N) CXCL 14, and (P) CXCL 17 between primary SKCM and metastasis
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chemokines bind chemokines, positive regulation of locomotion,
response to lipopolysaccharide, mononuclear cell migration, cellular
calcium ion homeostasis, Interleukin-10 signaling, Toll-like receptor
signaling pathway, etc. (Figures 9A, B). In order to explore the
interaction between 16 CXC chemokines and its closely related
gene, we analyzed the related data using the PPI network and
mCODE components (Figures 9C, D). The result showed that the
CXC chemokines biological functions are mainly associated with
chemokine receptors bind chemokines, chemokine-mediated
signaling pathways, cellular response to chemokine, IL-7 signaling
pathway, AGE-RAGE signaling pathway, and TNF signaling
pathway (Figure 9E).

Transcription Factor Targets and Kinase
Target Analysis
TRRUST and LinkedOmics databases were used to explore
possible transcription factors and kinase targets for differential
expression of CXC chemokines. TRRUST contains CXCL 1,
CXCL 2, CXCL 5, CXCL 8, CXCL 10, CXCL 12, and CXCL
14. Three transcription factors (RELA, NF-KB1, and SP1) were
found to significantly regulated CXC chemokines in SKCM
(Table 2). The transcription factors RELA and NFKB1were
identified as key regulators of CXCL1, CXCL2, CXCL5, CXCL
8, CXCL10, and CXCL12. One of the main transcription factors
regulating CXCL1, CXCL5, and CXCL 14 transcription in SKCM
is SP1. LinkedOmics was utilized to analyze the kinase target of
CXC chemokines (Table 3). ROCK1 and RPS6KB1 are among
the most significant kinase targets for CXCL1. LCK and IKBKB
are the most important kinase targets for CXCL2. MAPK12 and
MYLK are the most important kinase targets for CXCL3. Both
PAK1 and MAPK2 are key kinase targets of CXCL4. FER and
JAK3 are most major kinase targets for CXCL5. BCR and
MAPK14 are considered the key targets of the CXCL6 kinase
target network. ADRBK2 and EIF2AK4 are considered as major
targets of the CXCL8. LCK and SYK are the two largest targets in
CXCL10, CXCL11, and CXCL9 kinase target network. LCK and
LYN are mostly linked with CXCL12 and CXCL16. The CXCL13
kinase target network is mostly related to LCK and CSNK1E,
while the CXCL14 kinase target network is mostly related to ART
Frontiers in Oncology | www.frontiersin.org 884
and PLK1. ART and NEK2 are considered as key targets of the
CXCL17 kinase target network.

The Association of CXC Chemokines With
Immune Cell Infiltration
Clinical outcome is related to inflammatory response and immune
cell infiltration in SKCM patients, in which CXC chemokines are
also involved. Timer database was applied to comprehensively quest
whether CXC chemokines expression is associated with immune
infiltration in SKCM patients (Figrues 10A–P and Table 4). The
analysis results showed the correlation between CXCL1 expression
and CD4+ T cell infiltration was negative in SKCM-primary
patients (Cor = −0.207, P = 3.79E-02). The expression of CXCL2
was positively correlated with Neutrophil cell invasion in SKCM-
primary patients (Cor = 0.293, P = 3.12E-03). CXCL2 is positively
correlated with CD8+ T cells (Cor = 0.155, P = 4.32E-03) and
Neutrophil cells (Cor = 0.215, P = 4.81e-05) infiltrates in SKCM-
metastasis patients. CXCL3 is mostly related to Neutrophil cell
invasion (Cor = 0.122, P = 2.22E-02) in SKCM-metastasis patients
(Figure 10C). The correlation between the expression of CXCL4
and CD4+ T cell infiltration was negative in SKCM-primary
patients (Cor = −0.266, P = 7.16E-03). In SKCM-metastasis,
CXCL4 is negatively correlated with CD8+ T cells (Cor = −0.129,
P = 1.81e-02) and Neutrophil cells (Cor = −0.119, P = 2.62e-02) and
Dendritic cell (Cor = −0.131, P = 1.53e-02) infiltrates. CXCL5 was
definitely related to Neutrophil cell infiltration in SKCM-primary
patients (Cor = 0.228, P = 2.26E-02). In SKCM-metastasis,
CXCL5 is positively correlated with invasion of B cells (Cor =
0.157, P = 3.51E-03) and Neutrophil cells (Cor = 0.163, P = 2.14e-
03). The expression of CXCL7 in SKCM-primary was negatively
correlated with Dendritic cells infiltration (Cor = −0.207, P =
3.82E-02). In SKCM-metastasis patients, CXCL7 is negatively
correlated with B cells (Cor = −0.127, P = 1.79e-02) and
Dendritic cells (Cor = −0.134, P = 1.30e-02) infiltrate. CXCL8’s
expression was positively correlated with Neutrophil cell
infiltration in SKCM-primary patients (Cor = 0.374, P = 1.26E-
04). In SKCM-metastasis patients, CXCL8 is positively correlated
with the infiltration of CD8 + T cells (Cor = 0.135, P = 1.34e-02),
Macrophage cells (Cor = 0.15, P = 4.79e-03), and Neutrophil cells
FIGURE 4 | The relative level of CXC chemokines in SKCM.
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(Cor = 0.303, P = 7.27e-09) and Dendritic cells (Cor = 0.147, P =
6.31e-03). In SKCM-primary patients, down-regulation of CXCL9
enhanced infiltration of CD8 + T cells (COR = 0.573, P = 3.65e-
10), CD4 + T cells (COR = 0.349, P = 3.44e-04), Neutrophil cells
(COR = 0.488, P = 2.52e-07), and dendritic cells (COR = 0.535,
P = 7.93E-49). In SKCM-metastasis patients, CXCL9 was
positively correlated with infiltration of B cells (COR = 0.201,
P = 1.73e-04), CD8+ T cells (COR = 0.679, P = 8.20e-47), CD4+ T
Frontiers in Oncology | www.frontiersin.org 985
cells (COR = 0.255, P = 1.71e-06), Macrophage cells (COR =
0.255, P = 1.27e-06), Neutrophil cells (Cor = 0.68, P = 6.05E-49)
and Dendritic cells (Cor = 0.672, P = 1.48e-46). In SKCM-primary
patients, CXCL10 was certainly related to infiltration of CD8 + T
cells (COR = 0.584, P = 1.40e-10), CD4 + T cells (COR = 0.326,
P = 8.87e-04), Neutrophil cells (COR = 0.637, P = 1.08e-12), and
dendritic cells (COR = 0.58, P = 2.14e-10). In SKCM-metastasis,
CXCL10 was positively correlated with infiltration of B cells
A B C D

E F G H

I J K L

M N O P

FIGURE 5 | The prognostic value of different expressed CXC chemokines in SKCM patients in the disease free survival curve (A–P) (GEPIA).
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FIGURE 6 | The prognostic value of CXC chemokines in SKCM patients in the overall survival curve (A–P) (GEPIA).
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(COR = 0.143, P = 7.51e-03), CD8+ T cells (COR = 0.613,
P = 4.29e-36), CD4+ T cells (COR = 0.244, P = 4.49e-06),
Macrophage cells (COR = 0.226, P = 1.94e-05), Neutrophil cells
(Cor = 0.697, P = 2.32E-52) and Dendritic cells (Cor = 0.614, P =
4.83e-37).

Similar results were found in CXCL11, CXCL12, CXCL13,
CXCL14, and CXCL16. The upregulation of these CXC
chemokines enhanced infiltration of B cells, CD8+ T cells,
CD4+ T cells, Macrophage cells, Neutrophils cells, and
Dendritic cells (Figures 10H–L). There is no linear correlation
between CXCL17 and various immune cells in SKCM-primary
and SKCM-metastasis patients. The confounding factors were
corrected by using a Cox proportional hazard model.
Macrophage (P = 0.055), CXCL2 (P = 0.051), CXCL14 (P =
Frontiers in Oncology | www.frontiersin.org 1187
0.075), and CXCL17 (P = 0.018) were closed related to the
clinical outcome of SKCM patients (b).

Validation of CXC Chemokines in Clinical
Samples
To further determine which genes might play a significant role in
the progression of SKCM, real-time PCR was used to detect the
expression of CXC chemokines using clinical samples, including
CXCL1, CXCL2, CXCL3, CXCL4, CXCL5, CXCL6, CXCL7,
CXCL8, CXCL9, CXCL10, CXCL11, CXCL12, CXCL13,
CXCL14, CXCL16, and CXCL17 (Figures 11A–P). The
analysis results showed that CXCL1, CXCL5, CXCL8, CXCL9,
CXCL10, and CXCL13 were usually upregulated in SKCM
tissues comparing to normal skin tissues, which is consistent
A

B

C D E

FIGURE 7 | Genetic alteration, mRNA expression, and interaction analyses of different expressed CXC chemokines in SKCM patients. (A) Summary of alterations in
different expressed CXC chemokines in SKCM. (B) mRNA expression heat map of different expressed CXC chemokines in SKCM. (C, D) Protein-protein interaction
network of different expressed CXC chemokines. (E) Gene-gene interaction network of different expressed CXC chemokines and 50 most frequently altered
neighboring genes.
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with the results of bioinformatics analysis above. There was no
significant difference in CXCL2, CXCL3, CXCL4, CXCL6,
CXCL7, CXCL11, CXCL12, CXCL14, CXCL16, and CXCL17
between SKCM tissues and normal skin tissues, which is also
consistent with the Oncomine analysis results.
Frontiers in Oncology | www.frontiersin.org 1288
DISCUSSION

Chemokines are tiny protein molecules whose main function is
associated with inflammation and immunity (27). Chemokines have
been divided into five main subfamilies: CXC, CC, CX3C, XC, and
CX (28). CXC chemokines occupy a vital position in the chemokine
family. They have been classified into ELR + CXC and ELR − CXC
according to the motif with or without Glu leu-ARG (ELR) (29).
Chemokine receptors are G-protein-coupled transmembrane
receptors that mediate the function of chemokines and contain 7
transmembrane regions (30, 31). CXC chemokines and their
receptors are expressed in a variety of cells and play an important
role in the generation, differentiation, development regulation,
immune response regulation of immune cells, and bone marrow
hematopoietic cells (32). They can promote angiogenesis, tumor cell
proliferation, survival, and dissemination. They also participate in
the process of organ-specific metastasis of malignant tumors and
play an important role in the occurrence and development of
tumors (33, 34). However, there are few studies on the potential
value of CXC’s clinical diagnosis and treatment guidance in SKCM.
Therefore, exploring the pathological and molecular mechanisms of
CXC chemokines in SKCM is basis for clinical diagnosis
and treatment.

To probe CXC chemokines and its relationship with the
pathological stage in SKCM patients, mRNA analyses were
performed for the 16 CXC chemokines using ONCOMINE
and GEPIA. Among the 16 CXC chemokines, six chemokines
(CXCL1, CXCL5, CXCL8, CXCL9, CXCL10, and CXCL13) were
identified as being expression difference between SKCM patient
tissues and normal tissues. ONCOMINE database analysis
results showed that the expression levels of these six CXC
chemokines in SKCM tissues were significantly higher than
that in normal tissues. Further validation by clinical samples,
the mRNA level of CXCL1, CXCL5, CXCL8, CXCL9, CXCL10,
and CXCL13 was considerably adjusted. One research has
pointed out that CXCL1 down-regulation leads to reduced
colorectal cell viability, invasion, and proliferation. In vivo,
knockdown of CXCL1 resulted in the prevention of tumor
growth in nude mice (35). CXCL1 promotes tumor growth
through VEGF pathway activation and is associated with
inferior survival in gastric cancer (36). Therefore, the high
expression of CXCL1 might promote melanoma cell viability,
invasion, and proliferation. Neutrophils may be the cause of
elevated CXC5 expression in primary melanoma (37). The up-
regulation of CXCL8 and its receptors CXCR1 and CXCR2 may
be one of the reasons for the development of SKCM. CXCL8
promotes tumor angiogenesis by maintaining the proliferation
and activity of endothelial cells, and CXCR1 and CXCR2 are the
basis of this function (38). CXCL9 promotes the metastasis of
melanoma cells through its combination with CXCR3 to enhance
the permeability of tumor blood vessels (39). High expression of
CXCL10 will inhibit the immune response mediated by T cells,
leading to an increase in tumor growth rate (40). The CXCL13:
CXCR5 axis is an fundamental regulatory component in the
biological process of SKCM (41). Overall, these findings match
the results of our data mining. Besides, GEPIA was used to
explore whether there is a connection between CXC with the
A

B

FIGURE 8 | The enrichment analysis of different expressed CXC chemokines
and 50 most frequently altered neighboring genes in SKCM (David
6.8). (A) Bar plot of GO enrichment in biological process terms, cellular
component terms, and molecular function terms. (B) Bar plot of KEGG
enriched terms.
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survival rate in SKCM. The increased expression of six CXC
chemokines (CXCL4, CXCL9, CXCL10, CXCL11, CXCL12, and
CXCL13) was related to tumor progression. The SKCM patients
with low expression of them had better overall survival. Previous
studies have demonstrated that CXC chemokines may also play
an important role in the progression of SKCM (42, 43).
Frontiers in Oncology | www.frontiersin.org 1389
The expression differences of CXC chemokines between
primary SKCM and metastatic SKCM were explored by using
UALCAN database. The result showed that CXCL1 and CXCL7
were higher in the primary SKCM than in the metastatic SKCM.
One research indicates that primary melanoma cells might
down-regulate the invasion activity of metastatic melanoma
BA

D

E

C

FIGURE 9 | The enrichment analysis of different expressed CXC chemokines and 50 most frequently altered neighboring genes in SKCM patients (Metascape).
(A) Bar graph of top 20 enriched terms across different expressed CXC chemokines and 50 most frequently altered neighboring genes, colored by p-values.
(B) Network of enriched terms, colored by cluster ID. (C–E) Protein–protein interaction network and MCODE components identified in different expressed CXC
chemokines and 50 most frequently altered neighboring genes.
TABLE 2 | Key regulated factor of CXC chemokines in SKCM (TRRUST).

Key TF Description Regulated gene P-value FDR

RELA v-rel reticuloendotheliosis viral oncogene homolog A (avian) CXCL1, CXCL2,
CXCL5, CXCL8,
CXCL10, CXCL12

1.09E-07 1.71E-07

NFKB1 nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 CXCL1, CXCL2,
CXCL5, CXCL8,
CXCL10, CXCL12

1.14E-07 1.71E-07

SP1 Sp1 transcription factor CXCL1, CXCL5,
CXCL14

0.00683 0.00683
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cells through CXCL1 signaling (44). Therefore, we speculated
that the high expression of CXCL1 in primary SKCM can inhibit
tumor metastasis. So far, no studies on CXCL7 in primary and
metastatic SKCM have been found. The studies of other tumors
showed that CXCL7 was closely related to tumor metastasis, and
the high expression of CXCL7 would cause tumor metastasis.
This contradicts the results of our analysis. There are two possible
reasons for considering UALCAN database analysis results. The
first reason is that the amount of data collected by the UALCAN
database is insufficient, so there is a deviation in the analysis
results. The second reason is that CXCL7 expression may be
higher in primary SKCM than inmetastatic SKCM, but there is no
specific mechanism to explain. In the future study, samples will be
collected for verification and related mechanism exploration.

As suggested by the results of the DAVID analysis, the CXC
chemokines and 50 most closely interacting genes were enriched
for the terms inflammatory response and immune response in
the “biological process” category, the term extracellular space and
external side of the plasma membrane in the “cellular component”
category, chemokine activity and chemokine receptor binding in the
“molecular function” category. The KEGG pathway analysis showed
the enrichment of 50 most closely interacting genes for the terms of
the chemokine signaling pathway, cytokine-cytokine receptor
interaction, and TNF signaling pathway. The enrichment analysis
results of Metascape were similar with DAVID. This is following the
results reported before, which have shown that CXC chemokines
signaling pathways occupy a mayor position in multiple biological
Frontiers in Oncology | www.frontiersin.org 1490
activities of tumors (45, 46). A large number of clinical and
epidemiological studies have shown that 15–20% of a malignant
tumor is caused by infection and inflammation of the
controllability, such as inflammatory bowel disease associated
with colon cancer, chronic hepatitis B virus infection can lead to
liver cancer,Helicobacter pylori infection was significantly associated
with gastric cancer, EB virus infection can cause nasopharyngeal
carcinoma, the human papillomavirus infection can cause cervical
cancer or Burkitt lymphoma, etc. (47). Chronic inflammation is
involved in the pathogenesis, development, invasion, and metastasis
of malignant tumors (48). These results indicate that CXC
chemokines regulate the progress of SKCM by regulating
inflammation and immune responses.

TRRUST database was used to explore the transcription
factor targets of CXC chemokines with different expressions.
The analysis results showed that the transcription factors which
play an important in regulating CXC chemokine are RELA,
NFKB1, and SP1. NF-KB pathway was regulated by
Phosphorylated RELA which is related to the course of tumor,
and inflammation-related diseases (49). RELA has been shown to
play a key role in mediating cancer-induced senescence in
precancerous lesions (50). NF-kB1 inhibits the occurrence and
development of a variety of cancers by reducing the
overexpression of the NF-kB signaling pathway (51). Some
research has showed that Sp1 is overexpressed in cancer cells
and contributes to the formation of cancer (52). Inhibiting the
expression level of Sp1 can significantly inhibit the proliferation
TABLE 3 | The Kinase target networks of CXC chemokines in SKCM (LinkedOmics).

CXC chemokines Enriched kinase target Description Leading EdgeNum P-value

CXCL 1 Kinase_ROCK1
Kinase_RPS6KB1

Rho associated coiled-coil containing protein kinase 1
ribosomal protein S6 kinase B1

14
8

0
0

CXCL 2 Kinase_LCK
Kinase_IKBKB

LCK proto-oncogene, Src family tyrosine kinase
inhibitor of nuclear factor kappa B kinase subunit beta

26
8

0
0.0030030

CXCL 3 Kinase_MAPK12
Kinase_MYLK

mitogen-activated protein kinase 12
myosin light chain kinase

8
3

0.023569
0.015936

CXCL 4
(PF 4)

Kinase_PAK1
Kinase_MARK2

p21 (RAC1) activated kinase 1
microtubule affinity regulating kinase 2

19
6

0
0

CXCL 5 Kinase_FER
Kinase_JAK3

FER tyrosine kinase
Janus kinase 3

4
4

0.023256
0.034843

CXCL 6 Kinase_BCR
Kinase_MAPK14

BCR, RhoGEF and GTPase activating protein
mitogen-activated protein kinase 14

8
26

0.0031746
0

CXCL 8
(IL 8)

Kinase_ADRBK2
Kinase_EIF2AK4

G protein-coupled receptor kinase 3
eukaryotic translation initiation factor 2 alpha kinase 4

1
2

0.0042735
0.058366

CXCL 9 Kinase_LCK
Kinase_SYK

LCK proto-oncogene, Src family tyrosine kinase
spleen associated tyrosine kinase

24
17

0
0

CXCL 10 Kinase_LCK
Kinase_SYK

LCK proto-oncogene, Src family tyrosine kinase
spleen associated tyrosine kinase

22
15

0
0

CXCL 11 Kinase_LCK
Kinase_SYK

LCK proto-oncogene, Src family tyrosine kinase
spleen associated tyrosine kinase

20
16

0
0

CXCL 12 Kinase_LCK
Kinase_LYN

LCK proto-oncogene, Src family tyrosine kinase
LYN proto-oncogene, Src family tyrosine kinase

26
23

0
0

CXCL 13 Kinase_LCK
Kinase_CSNK1E

LCK proto-oncogene, Src family tyrosine kinase
casein kinase 1 epsilon

23
9

0
0

CXCL 14 Kinase_ATR
Kinase_PLK1

ATR serine/threonine kinase
polo like kinase 1

21
45

0
0

CXCL 16 Kinase_LCK
Kinase_LYN

LCK proto-oncogene, Src family tyrosine kinase
LYN proto-oncogene, Src family tyrosine kinase

21
23

0
0

CXCL 17 Kinase_ATR
Kinase_NEK2

ATR serine/threonine kinase
NIMA related kinase 2

27
5

0
0
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FIGURE 10 | The correlation between different expressed CXC chemokines and immune cell infiltration in primary and metastasis SKCM patients (A–P) (TIMER).
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TABLE 4 | The Cox proportional hazard model of CXC chemokines and six tumor-infiltrating immune cells in SKCM (TIMER).

coef HR 95%CI_l 95% CI_u p-value sig

B_cell −2.678 0.069 0.001 3.178 0.171
CD8_Tcell −0.137 0.872 0.070 10.780 0.915
CD4_Tcell 2.554 12.859 0.409 403.809 0.146
Macrophage 2.543 12.722 0.951 170.184 0.055 *
Neutrophil −4.938 0.007 0.000 26.239 0.238
Dendritic −0.115 0.891 0.105 7.544 0.916
CXCL1 0.060 1.062 0.946 1.193 0.310
CXCL2 −0.319 0.727 0.528 1.001 0.051 *
CXCL3 0.104 1.109 0.725 1.697 0.633
CXCL4 0.108 1.114 0.850 1.461 0.433
CXCL5 0.093 1.098 0.930 1.296 0.269
CXCL6 −0.077 0.926 0.693 1.236 0.600
CXCL7 0.062 1.064 0.837 1.352 0.612
CXCL8 0.089 1.093 0.975 1.224 0.127
CXCL9 0.049 1.050 0.865 1.273 0.622
CXCL10 −0.075 0.928 0.724 1.190 0.556
CXCL11 −0.071 0.932 0.688 1.261 0.647
CXCL12 −0.013 0.987 0.864 1.127 0.845
CXCL13 0.013 1.013 0.880 1.166 0.858
CXCL14 0.068 1.070 0.993 1.154 0.075 *
CXCL16 −0.145 0.865 0.726 1.031 0.105
CXCL17 0.175 1.192 1.030 1.378 0.018 *
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FIGURE 11 | Real-time qPCR validation of CXC chemokines in 10 SKCM and 12 normal skin tissues (A–P). ****P < 0.05, analysis by non-paired tested.
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of human malignant melanoma cells (53). The above results
confirmed that RELA, NF-KB, and Sp1 play an important role in
CXC chemokines regulation of SKCM. LinkedOmics database
was applied to explore the kinase target networks of CXC
chemokines in SKCM. The result suggested that LCK, LYN,
FYN, MAPK1, MAPK3, and CSNK1D may be targets for
differential expression of CXC chemokines. These kinases
influence cancer formation and progress by modulating cancer
cell migration, invasion, and apoptosis. The results of our
observation indicated that these kinases were the important
regulator of CXC chemokines in SKCM.

CXC chemokines can mediate the migration and localization of
immune cells (54, 55). Timer database was applied to analyze the
association between CXC chemokines and immune cells. There is
growing confirmation showed that immune cell infiltration may
influence cancer development and recurrence and is an important
determinant of immunotherapy response and clinical outcome (56,
57). The results showed that CXC chemokines and immune cell
infiltration levels were positively correlated in SKCM. Macrophage,
CXCL2, CXCL14, and CXCL17 were closely related to the clinical
outcome of SKCM patients. These strongly confirmed the positive
correlation between CXC chemokines and immune infiltration in
SKCM. Thus, it is likely that CXC chemokines not only as being
diagnostic biomarkers but also affect the immune condition inSKCM.

There are some limitations in our research. Analysis of
transcription can indicate immune condition but not integrated
status. Also, vivo and vitro research should be conducted to verify
our results. Our findings will offer new understanding to support
the program of new immunotherapy, assist doctors select
efficacious drugs and prognostic biomarkers for SKCM patients
and identify biomarkers to precisely estimate prognosis.
Frontiers in Oncology | www.frontiersin.org 1793
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Metastatic melanoma is the deadliest form of skin cancer whose incidence has been rising
dramatically over the last few decades. Nowadays, the most successful approach in treating
advanced melanoma is immunotherapy which encompasses the use of immune checkpoint
blockers able to unleash the immune system’s activity against tumor cells. Immunotherapy
has dramatically changed clinical practice by contributing to increasing long term overall
survival. Despite these striking therapeutic effects, the clinical benefits are strongly mitigated
by innate or acquired resistance. In this context, it is of utmost importance to develop
methods capable of predicting patient response to immunotherapy. To this purpose, one
major step forward may be provided by measuring non-invasive biomarkers in human fluids,
namely Liquid Biopsies (LBs). Several LB approaches have been developed over the last few
years thanks to technological breakthroughs that have allowed to evaluate circulating
components also when they are present in low abundance. The elements of this so-called
“circulome” mostly encompass: tumor DNA, tumor and immune cells, soluble factors and
non-coding RNAs. Here, we review the current knowledge of thesemolecules as predictors of
response to immunotherapy in metastatic melanoma and predict that LB will soon enter into
routine practice in order to guide clinical decisions for cancer immunotherapy.

Keywords: melanoma, immunotherapy, drug resistance, liquid biopsy, biomarkers
BACKGROUND

Melanoma is a highly malignant tumor originating from melanocytes and is characterized by high
metastatic propensity and high mortality rates (1). The development of melanoma involves several
dynamic processes in which the immune system plays a key role (2). It is well known that tumor
cells activate different mechanisms to escape immune surveillance: a process known as “cancer-
Abbreviations: LB, liquid biopsy; PD-1, Programmed Cell Death Protein 1; PD-L1, Programmed Cell Death Ligand 1; ctDNA,
circulating tumor DNA; ctRNA, circulating tumor RNA; CTCs, circulating tumor cell; EV, and extracellular vesicle; ICB,
immune checkpoint blockers; cfDNA, cell-free DNA; ddPCR, Droplet Digital PCR; TMB, tumor mutation burden; OS, overall
survival; PFS, progression free survival; MST, mixed solid tumors; LDH, Lactate Dehydrogenase; NLR, neutrophil-to-
lymphocyte ratio; PBMC, peripheral blood mononuclear cell; HNSCC, head and neck squamous cell carcinoma; MDSC,
myeloid-derived suppressor cell.
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immunoevasion” (1). In this review, we will not probe into
describing these complex processes that are the focus of several
other excellent reviews (1, 3–6). The most effective therapeutic
approach for advanced melanoma relies on the possibility to
reactivate immune cells on recognizing tumor cells as foreign
components and on controlling their growth. This concept lies at
the basis of immuno-oncology. Historically, this approach has
been pursued through the use of interferon and interleukin
cytokines (like IL-2), but clinical benefits were very modest
and laden by substantial toxicities (7). However, the
experiences derived from those drugs paved the way for more
successful immunotherapies. The first of them was the
development of ipilimumab as an anti-CTLA-4 antibody which
was then later on followed by the discovery of inhibitors of PD-1/
PD-L1 receptor-ligand couple (3, 7). These monoclonal
antibodies, initially nivolumab and pembrolizumab and
subsequently atezolizumab and durvalumab, represent the
main therapeutic breakthroughs over the last few years (8).
These molecules have radically changed the therapeutic
scenario contributing to increasing overall survival not only in
patients with metastatic melanoma but also in a growing number
of cancer types (3, 7, 9). Furthermore, due to their non-
overlapping mechanisms of action, combinations of nivolumab
together with ipilimumab led to longer progression-free
survival and a higher proportion of objective response rate as
compared to monotherapies (10, 11). Unfortunately, cancer
immunotherapy with checkpoint inhibitors is efficacious only
in a subset of cases because 40–60% of patients do not achieve
any significant therapeutic benefit (12, 13). In this scenario, it
would be important to develop biomarkers capable of predicting
response to immunotherapy, also in light of the elevated costs as
well as the high degree of toxicity and severe adverse events of
this type of therapy. Furthermore, it is worth considering that the
therapeutic landscape of metastatic melanoma has been also
improved by the availability of target therapy based on the
combination of BRAF and MEK inhibitors in approximately
50% of patients carrying mutations in the amino acid V600 of the
BRAF oncogene (14). Hence, in this subset of patients the choice
of first line therapy, i.e. target therapy with BRAFi/MEKi vs.
immunotherapy is still highly debated. These lines of evidence
taken together stress the need to identify novel biomarkers that
Frontiers in Oncology | www.frontiersin.org 296
are able to predict the response to a given treatment. In the last
few years, the use of liquid biopsies has provided major
opportunities(LBs) (15, 16). LBs are a non-invasive approach
which agreeably complement tumor biopsies in acquiring
important information about tumor progression and response
to therapy. Among the main advantages of LBs there is the
possibility to follow disease evolution over time by collecting
longitudinal sampling during the course of disease as well as
during therapy. LBs can be represented by several human fluids,
among them the most commonly evaluated is the blood (17).
They are a source of different biological circulating tumor
elements (defined “circulome”) that include proteins,
circulating tumor DNA and RNA (ctDNA and ctRNA),
circulating tumor cells (CTCs) and extracellular vesicles (EVs)
(18, 19). Interestingly, these elements could derive from cancer
cells themselves as well as from the tumor microenvironment.
During the last few years thanks to significant technological
advances and improvements in sensitivity, LBs have become a
valuable tool from both diagnostic and prognostic points of view
not only in melanoma but also across other cancer types. In this
narrative review, we will focus on the state-of-the-art of liquid
biopsies as predictors of response to immunotherapy in
metastatic melanoma. In particular, we will focus on three
main aspects a) circulating tumors DNA, b) circulating tumor
cells (CTCs)/immune cells and soluble factors and c) non coding
RNAs. These analytes are represented in Figure 1.
CIRCULATING TUMOR DNA (ctDNA)

ctDNA is one of the most reliable biomarkers available in LBs
(20) and its potential to predict response to immune checkpoint
blockers (ICB) in melanoma has been investigated in several
relevant studies over the last few years. They will be summarized
in this section. From a biological point of view, ctDNA is
constituted by DNA fragments released into the bloodstream
by apoptotic or necrotic cancer cells and its amount in general
adequately correlates with tumor stage and prognosis (21–24).
The absolute amount of ctDNA varies along with the number of
cancer cells and the total tumor burden. Furthermore, its
evaluation is able to provide information on the genetic
FIGURE 1 | Representative image of non-invasive biomarkers available in liquid biopsies to manage metastatic melanoma.
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mutational profile of the tumor and can be a mirrored image of
the heterogeneous complexity of advanced metastatic cancer
(20). Besides ctDNA, the presence of cell-free DNA (cfDNA), a
broader term that describes DNA that circulates freely in the
bloodstream, but is not necessarily of tumor origin must also be
reported (25). However, the evaluation of cfDNA, unlike ctDNA
has not yet been considered a prognostic parameter per se.

The dosage of ctDNA has beenmade possible in the last decade
thanks to modern advances in genomic and non-genomic
technologies. One of the main issues to overcome is the limitation
to detect ctDNA concentrations that are in general very low in the
blood. In recent years, very sensitive multi-gene testing panels have
been developed to measure ctDNA in LBs. Recently the
FoundationOne Liquid CDx (https://www.foundationmedicine.
com/test/foundationone-liquid-cdx) and Guardant360 CDx
(https://guardant360cdx.com/) have recently been approved by
the FDA for comprehensive tumor mutation profiling across
solid cancers through LB sampling (26). In addition to large NGS
panels, one of the most reliable methods in detecting ctDNA is
through the use of Droplet Digital PCR (ddPCR) (27). This
technology is able to provide ultrasensitive and absolute nucleic
acid quantification and is particularly useful for low-abundant
targets and for the design of patient-specific customized tests.
Nowadays, the most accepted metric system for measuring
ctDNA in LBs is to assess tumor-specific variant as copies/ml
plasma through ddPCR.

Another potential biomarker of response to immunotherapy in
melanoma is the emerging tumor mutation burden (TMB). This
arises fromtheassumption thatmelanomacarries oneof thehighest
mutational loads among human tumors. Even though TMB has
been proposed as an independent predictor of response to
immunotherapy (28), the most promising results have been
obtained in combination with plasmatic ctDNA evaluation. This
was the focus of the following study. In particular, it has taken
advantage of a tumor panel comprised of 710 tumor-associated
genes to reliably calculate TMB in liquid biopsies deriving from 35
melanoma patients treated with ipilimumab (as anti-CTLA-4) and
nivolumab (as anti-PD-1) (27). The patients enrolled in this
prospective study were almost equally divided into BRAF
mutated (n=16) and BRAF wild type (n=19). The results
demonstrated that TMB in the tumor biopsy was significantly
higher (TMB > 23.1 Mut/Mb) in responders than in non-
responders (TMB ≤ 23.1 Mut/Mb) before starting therapy (27).
Furthermore, the same authors also evaluatedTMB in combination
with ctDNA (measured as copies/ml plasma) in the same
experimental cohort. Their results demonstrated that the
simultaneous reduction of both these parameters after 3 weeks of
starting treatment was able to better distinguish patients who
respond to combined immunotherapy (27). In particular, these
authorsmeasured as ctDNAmarkers not onlymutated driver genes
such as BRAF and NRAS, but also additional somatic variants like
CDK4, GNAQ, STAT1 and others. It is important to point out that
one limitation of this study relies on the fact that only a part of the
patients enrolled (i.e. 63%) had ipilimumab or nivolumab as their
first line systemic treatment whereas 13 patients received targeted
therapy or PD-1 antibodies before.
Frontiers in Oncology | www.frontiersin.org 397
The importance of ctDNA in predicting response to
immunotherapy has also been demonstrated in another
prospective study carried out by Seremet and colleagues (29).
This study tested plasma samples from 85 patients undergoing
anti-PD-1 therapy evaluating BRAFV600E/K or NRASQ61/G12/G13

in ctDNA (copies/ml plasma). Patients with undetectable ctDNA
at baseline showed a better overall and progression free survival
(OS and PFS) as compared to those patients with detectable
ctDNA (29). Along the same line, another prospective study
demonstrated that the assessment of ctDNA at baseline and
during therapy was predictive for tumor response and clinical
outcome in metastatic melanoma patients with a BRAFV600E/K or
NRASQ61/G12/G13 mutation. In particular, the levels of ctDNA
were evaluated in a prospective cohort of 40 advanced melanoma
patients subjected to PD-1 inhibitors alone or in combination
with ipilimumab at baseline and early during therapy. The
objective was to assess the potential of ctDNA in predicting
response and clinical outcome. Results showed that patients with
higher basal levels of ctDNA (copies/ml plasma) and a
persistently elevated ctDNA levels during therapy had a worse
progression free survival (PFS) and overall survival (OS) (30).
Similar results were achieved also in another prospective study
which evaluated the clinical validity of ctDNA before and during
ICB treatment (i.e. pembrolizumab) as a prognostic and
predictive tool (31). In this prospective phase II study, ctDNA
was measured in five distinct cohorts of patients with advanced
solid tumors such as high-grade serous ovarian cancer
(HGSOC), malignant melanoma and mixed solid tumors
(MST) (31). ctDNA levels were measured in 316 plasma
samples before (at basal levels) and during treatment with
pembrolizumab. In particular, an early reduction in ctDNA
(measured as mean tumor molecules per mL of plasma; MTM/
mL) after two cycles of pembrolizumab and on-treatment
ctDNA clearance distinguished patients with good prognosis
independently from tumor types.

Along the same line, another study (32) assessed the levels of
ctDNA (BRAFmut or NRASmut) as an indicator of response
during anti-PD-1 treatment. In particular, these authors
observed that the reduction of ctDNA levels in the blood after
2-3 weeks upon the first administration of nivolumab predicted
the best response. In contrast, the anti-PD-1 antibody was
ineffective in those patients where ctDNA did not decrease
after starting treatment (32). This study also highlighted how
ctDNA is a better predictor of response to therapy compared to
other well-known clinical parameters such as Lactate
Dehydrogenase (LDH).

Altogether these studies clearly demonstrated that ctDNA is a
novel parameter in assessing response to immunotherapy both at
baseline and during treatment and pave the way to propose the
clinical practice of the ctDNA-based surveillance in melanoma
patients treated with immune-checkpoint inhibitors.

Finally, ctDNA is useful in addition to being a novel
parameter for assessing response to targeted therapy (BRAF/
MEK inhibitors). Indeed, several studies have demonstrated that
the fluctuations of this biomarker were generally correlated with
treatment response to such inhibitors (33, 34). For example,
March 2021 | Volume 11 | Article 645069
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Schreuer et al. analyzed BRAFV600 ctDNA in liquid biopsies
deriving from 36 melanoma patients before and during
treatment with dabrafenib and trametinib. Most of these
samples showed detectable levels of ctDNA at baseline (75%)
which rapidly decreased upon initiating targeted therapy and
became undetectable in about 50% of those patients after 6 weeks
of treatment (34). Most importantly, 27 out of 36 patients
underwent disease progression (PD) and this was associated
with an increase of ctDNA levels.

In summary, the results of this section (also summarized in
Table 1) if further validated in larger prospective Phase III
studies, provide the rationale for monitoring ctDNA at basal
level to better stratify melanoma patients capable of responding
to immunotherapy or also during administration of checkpoint
inhibitors in order to early identify non-responding patients and
stop therapy.
CIRCULATING TUMOR CELLS (CTCs),
SOLUBLE FACTORS AND IMMUNE CELLS

LBs can be interrogated both for cellular and non-cellular
components which can be exploited as promising biomarkers
for monitoring and predicting response to immunotherapy in
metastatic melanoma. This paragraph will focus on these aspects.

CTCs are cells that derive from primary/metastatic tumor
sites, whose presence within the peripheral blood can predict the
development of new metastatic lesions (51). During the last few
decades, CTCs demonstrated to be suitable non-invasive
biomarkers for studying the response to different types of
therapies in melanoma in several studies, including target
therapies and immunotherapies. One must consider that CTC
reliability is challenged by the lack of standardized
methodologies for their evaluation as well as for inter-patient
heterogeneity that is responsible for the different levels of
detectability of these cells in the blood (52). The methods for
CTCs enrichment from peripheral blood are mainly divided into
two categories: 1) enrichment for physical properties, i.e. size,
and 2) enrichment for specific markers (53). The first method is
based on microfilters that separate CTCs from other blood cells
such as leukocytes. This is the approach recently used by our
group. Briefly, we took advantage of ScreenCell® size exclusion
technology to isolate CTCs from blood samples taken from
melanoma patients. In this way, cells entrapped on absorbent
membrane can be processed by immunofluorescence for specific
markers of interest. In our study, we demonstrated that increased
phosphorylation of the ErbB3 receptor on CTC surface early
occurs upon patient treatment with BRAFi and MEKi.
Importantly, the activation of this receptor has been identified
as an early mechanism of escape from therapies in melanoma.
These findings open the possibility to further investigate the role
of CTCs as predictors of response to targeted therapy (54).

The second approach to quantify CTCs was based on the
detection of specific markers on their surface like MCSP, MCAM
or MLANA (55). Taking advantage of this approach, CTCs were
evaluated in the blood from a prospective cohort of 49 melanoma
Frontiers in Oncology | www.frontiersin.org 498
patients treated with immune checkpoint inhibitors (16 treated
with ipilimumab, 33 with pembrolizumab). Interestingly,
authors observed a strong decrease in CTC score within 7
weeks of therapy correlating with marked improvement in
progression-free and overall survival (35).

Furthermore, the study of CTCs can also take advantage of
the recent advent of genomic and non-genomic technologies in
order to further increase sensitivity (55, 56). For example, in a
recent study CTCs deriving from melanoma patients were
identified using a multi-marker immunostaining panel for
melanocytic proteins like gp100, S100 and MLANA. Thanks to
this approach, CTCs were identified in the blood deriving from
52 melanoma patients who received immune checkpoints and
their number positively correlated with high LDH levels.
Thereby, authors designed a “disease outcome panel,” in which
“high-risk” and “low-risk” melanoma patient subgroups were
defined. Accordingly, patients belonging to the first subgroup
were characterized by worse disease-free and overall
survival (36).

These findings suggest that a valuable tool for evaluating
response to immune-checkpoint inhibitors is the association
between CTCs and LDH. LDH evaluation in the blood is one
of the longstanding biomarkers for cancer progression and
response to therapy in human cancers (57). Recently, the levels
of this enzyme have also been tested for predicting response to
immunotherapy in melanoma. For instance, in the recent
Checkmate-067 study, patients treated with nivolumab were
still alive at 4 years if the baseline LDH values were lower than
those compared to patients who had higher levels before starting
therapy, showing a worse overall survival (58).

Even though a significant proportion (about 27%) of PD-L1
negative melanoma patients may benefit from anti-PD-1/PD-L1
antibodies (59), its evaluation through immunohistochemistry
(IHC) from tissue sections has been historically considered one
of the most valuable biomarkers capable of predicting response
to immunotherapy (60). However, this practice is limited to the
primary tumors rendering the longitudinal sampling to monitor
disease progression and response to therapy very difficult.

From here on, a potential biomarker of response to anti-PD-
1/anti-PD-L1 therapy can be considered the expression of PD-L1
on CTC surface, as proposed for breast cancer, non-small cell
lung cancer (NCLS) and also metastatic melanoma (61, 62).
Initial findings promoted the activation of prospective clinical
trials testing PD-L1 expression on CTCs for monitoring the
response to immune-checkpoint inhibitors. For instance, it has
been demonstrated that melanoma patients with high levels of
CTCs that are positive for PD-L1 had better progression-free
survival (PFS) after treatment with pembrolizumab as compared
to patients with high CTCs with low PD-L1 levels. Furthermore,
in the same study it was also shown that the ratio of PD-L1+/PD-
L1- CTCs decreases upon treatment in responder patients
whereas increases or remains unchanged in most non-
responders. These data suggest that the detection of those cells
may help stratify responder and non-responder patients to
immunotherapy (37). The limitation of this pioneering study is
related to the small cohort of patients tested and highlights the
March 2021 | Volume 11 | Article 645069
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TABLE 1 | List of predictive biomarkers of response to immunotherapy in metastatic melanoma coming from liquid biopsies.

LIQUID
BIOPSY
SOURCE

REFERENCES N° ENROLLED
PATIENTS/

TREATMENTS

MARKERS MAIN RESULTS

ctDNA Forschner et al.
(27)

- 35 treated with
ipilimumab and
nivolumab:
- 16 BRAF mutated
- 19 BRAF wild type

- BRAF V600-
- NRAS Q61-
- CDK4, GNAQ, STAT1

ctDNA levels is associated with tumor mutation
burden (TMB)

ctDNA Seremet et al.
(29)

- 85 treated with
pembrolizumab
- 63 BRAF V600
mut
- 22 NRAS mut

- BRAF V600E/K-
- NRAS Q61/G12/G13

Undetectable pre-treatment ctDNA levels
correspond to better OS and PFS

ctDNA J H Lee et al.
(30)

- 86 total:
- 50 received anti
PD-1
(pembrolizumab or
nivolumab)
- 36 received anti-
PD1 + ipilimumab

- BRAF V600E/K-
- NRAS Q61/G12/G13

Higher basal levels of ctDNA match up with poor
prognosis

ctDNA Bratman et al.
(31)

- Pembrolizumab-
treated Melanoma
cohort (n=12)

- Personalized ctDNA based on 16 clonal somatic
mutations

Baseline ctDNA levels correlate with PFS, OS,
clinical response and clinical benefit

ctDNA Ashida et al.
(32)

5 treated with
nivolumab:
- 4 BRAF V600-
mutated
- 1 NRASQ61K

BRAF V600E/K
NRAS Q61K

Reduction of ctDNA levels during treatment is
predictive of best response to therapy

Circulating
Tumor Cells

Hong et al. (35) - 49 total
- 33 treated with
pembrolizumab
- 16 treated with
ipilimumab

Circulating tumor cells (CTCs) number Low CTCs number during treatment improve PFS

Circulating
Tumor Cells
Soluble plasma
protein

Lin et al. (36) -52 total
- 36 pembrolizumab
- 5 ipilimumab
- 8 nivolumab
- 2 combination with
ipilimumab/
nivolumab
1 – ipilimumab/
pembroluzumab

- CTCs number
- Lactate dehydrogenase (LDH) levels

“Non-responders” patients are correlated to
elevated CTCs number and LDH levels.

Circulating
Tumor Cells

Khattak et al.
(37)

- 40 treated with
pembrolizumab

Identification of PDL-1 on CTCs Melanoma patients with CTCs/PD-L1+ had better
PFS in response to pembrolizumab

Soluble plasma
proteins

Zhou et al. (38) - 42 treated with
ipilimumab plus
bevacizumab
- 23 ipilimumab
- 35 pembrolizumab

Soluble PDL-1 Higher sPD-L1 levels at baseline had poorer in
response to ipilimumab-based therapy.

Soluble plasma
proteins

Weber et al.
(39)

- 119 nivolumab
treated melanoma
patients
- 101 nivolumab +
pembrolizumab
- 48 ipilimumab
- 21 ipilimumab +
nivolumab

209 circulating plasma protein. Most of which are
involved in of acute phase of inflammation, complement
activation and wound healing phenotypes.

High levels of identified 209 circulating plasma
protein are correlated with worst response to
immune-checkpoint inhibitors.

Soluble plasma
proteins

Lim et al (40). - 98total:
- 40 anti-PD1
- 58 anti-CTLA-4 +
anti-PD1

11 circulating cytokines (G-CSF, GM-CSF, Fractalkine,
FGF-2, IFNa2, IL12p70, IL1a, IL1B, IL1RA, IL2, and IL13)

- Increased levels of 11 circulating cytokines are
associated with the development of high-grade
immune-related toxicity
- TNF-a, IL-8 or IP-10 increase in non-responder
patients to immunotherapy

Soluble plasma
proteins

Sanmamed
et al. (41)

- 29 treated with
nivolumab and

IL-8 Increased levels of IL-8 match up with worst
response to immunotherapy

(Continued)
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need to strengthen those findings in larger studies. However,
because CTCs are usually very rare, fragile and difficult to
capture, PD-L1 assessment on their surface remains a
technical challenge.

A second method used to evaluate PD-L1 as a biomarker of
response to immunotherapy relies on the discovery of its
existence in a soluble form in the blood, known as sPD-L1
(63). This molecule has been identified in different human
cancers, including renal cell carcinoma, multiple myeloma,
large B-cell lymphoma and also in melanoma (64–66). In this
context, Zhou and colleagues have demonstrated that melanoma
patients with higher sPD-L1 levels at baseline had poorer
outcome as compared to those patients with moderate/low
sPD-L1 in response to ipilimumab-based therapy (38). In this
context, in vitro studies have highlighted that sPD-L1 retains the
signaling domain necessary for interacting with PD-1 on T cells
and delivering immune-inhibitory signals (67). This could be the
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reason why, in the same study, a further increase of sPD-L1 levels
in the blood has been observed in those patients who did not
respond to immunotherapy as compared to those that
did (responders).

Besides PD-L1, also different chemokines and cytokines have
been proposed to be able to predict response to immunotherapy
in melanoma in LBs. For example, due to the use of MALDI-TOF
mass spectroscopy, a panel of 209 serum proteins that are
associated with a better response to immune-checkpoint
inhibitors, nivolumab and pembrolizumab has been identified
(39). These circulating proteins, such as C reactive protein,
serum amyloid A and P and angiostatin A are the indicators of
a massive involvement of acute phase response, inflammation,
complement activation and wound healing.

The detection of specific chemokines and cytokines in the
blood has also been correlated to immune-mediated toxicity, an
adverse event that requires interrupting immunotherapy
TABLE 1 | Continued

LIQUID
BIOPSY
SOURCE

REFERENCES N° ENROLLED
PATIENTS/

TREATMENTS

MARKERS MAIN RESULTS

pembrolizumab
- 19 treated with
nivolumab and
pembrolizumab

Soluble plasma
proteins

Morello et al.
(42)

- 37 treated with
nivolumab and
ipilimumab

Soluble CD73 Elevated levels at baseline of CD73 correlate with
lower response rate, shorter survival and higher
rates of progression disease (PD)

Lymphocytes Capone et al.
(43)

- 100 nivolumab-
treated melanoma
patients

CD8+ CD73+ subset lymphocytes High presence of CD8+CD73+ lymphocytes
correlate with worse response to immunotherapy

Myeloid-
derived
suppressor cell
(MDSc)

Meyer et al.
(44)

- 49 treated with
ipilimumab

Myeloid-derived suppressor cell (MDSc) levels Lower baseline levels of MDSC correlate with
better response to ipilimumab

Myeloid-
derived
suppressor cell
(MDSc)

Tarhini et al.
(45)

- 35 treated with
ipilimumab

Myeloid-derived suppressor cell (MDSc)
levels

Low MDSCs levels predicts better PFS after
neoadjuvant ipilimumab treatment

Neutrophil and
lymphocyte

Capone et al.
(46)

- 97 treated with
nivolumab

Neutrophil to lymphocyte ratio (NLR) Elevated NLR at baseline was associated with
worst OS, PFS, and clinical response to
immunotherapy

Extracellular
Vesicles (EVs)
Non coding
RNAs

Huber et al.
(47)

87 total;
- 49 received
nivolumab or
ipilimumab

miR-146a, miR-155, miR-125b, miR-100, let-7e, miR-
125a, miR-146b, miR-99b

High levels of specific microRNAs signature is
related to not response to immunotherapies

Exosomes
Non coding
RNAs

Vignard et al.
(48)

No patients were
enrolled

miR-181, miR-498 miR-181-miR-498 impact on immune response
through TNFa down-regulation

Extracellular
Vesicles (EVs)
Non coding
RNAs

Shi et al. (49) - 50 treated with
immune checkpoint
inhibitors

miR-551a, miR-4519 and miR-4674 -High levels of miR-551a were found in
extracellular vesicles (EVs) of non-responder
patients
- High levels miR-4519 and miR-4674 were found
in EVs of responder patients to immunotherapy

Non coding
RNAs

Bustos et al.
(50)

- 47 total
-31 received Anti-
PD1
-16 received Anti-
PD1 plus Anti-
CTLA4

miR-4649-3p, miR-615-3p and miR-1234-3p, miR-615-
3p

- miR-4649-3p, miR-615-3p and miR-1234-3p
signature are up-regulated in responder patient
- miR-615-3p increased levels correlate with
progression disease (PD)
OS, Overall Survival; PFS, Progression Free Survival; PD, Progression Disease; CTCs, Circulating Tumor Cells; LDH, Lactate Dehydrogenase; MDSc, Myeloid-derived suppressor cells;
EVs, Extracellular Vesicles.
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treatment in melanoma patients. Along the same line, another
study tested the expression levels of 65 cytokines in longitudinal
plasma samples collected from melanoma patients treated with
nivolumab or pembrolizumab alone or in combination with
ipilimumab (40). Results showed that the increased levels of 11
circulating cytokines, such as IL1a, IL2, and IFNa2 were
significantly associated with the development of high-grade
immune-related toxicity. Furthermore, the same authors also
demonstrated that other cytokines, like TNF-a, IL-8 or IP-10
increased their levels in the blood in patients who do not respond
to immunotherapy as compared to those who did (responders).

The increased levels of IL-8 as a negative biomarker of
response to either anti-PD-1 and anti-CTLA-4 was confirmed
in another independent study carried out on metastatic
melanoma (n=29) and NSCLC (n=19) patients (41).

Furthermore, recent studies have also focused on circulating
levels of the CD73 enzyme which is expressed by different
cellular populations of the tumor microenvironment such as
the cancer cells themselves, endothelial and immune cells
(68). This enzyme facilitates the establishment of a
immunosuppressive tumor microenvironment inhibiting NK
and T cell-mediated anti-tumor responses through producing
extracellular adenosine (69). Increased levels of CD73 have been
associated with worse prognosis in many types of cancers,
including melanoma (70). In this context, a recent study has
demonstrated that elevated serum levels at baseline of CD73
correlated with lower response rate, shorter survival and higher
rates of progression disease in melanoma patients treated with
nivolumab (42).

Besides non-cellular elements which circulate freely in the
bloodstream a relevant prognostic role in cancer has certainly
been attributed to the deregulation of specific immune
subpopulation of cells. This suggests the possibility to evaluate
them as predictors of response to immunotherapy as well.

In this regard, Capone and colleagues analyzed peripheral
blood mononuclear cells (PBMCs) in samples deriving from 100
nivolumab-treated melanoma patients (43). Among the different
subpopulation of immune cells tested, these authors identified
CD8+/CD73+ subset of lymphocytes as the strongest associated
with worse survival and poor clinical benefits. Indeed, their low
baseline percentages were associated with clinical benefits and
better survival as compared to non-responsive patients. Even
though the biological role of CD8+/CD73+ lymphocytes in the
immune response against melanoma cells during nivolumab
treatment is still unknown, the expression of CD73 on T cells
has been suggested capable of promoting an exhausted
phenotype in pre-clinical mouse models of head and neck
squamous cell carcinoma (HNSCC) (64). Another class of
immune cells associated with the response to immunotherapy
in melanoma is myeloid-derived suppressor cells (MDSCs).
Ipilimumab-treated melanoma patients with better response to
therapy have lower baseline levels of these cells compared to
those that do not (non-responders) (44). Importantly, a
reduction of MDSCs in the blood also predicts better
progression-free survival after neoadjuvant ipilimumab
treatment (45).
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Finally, the potential consequences of immune-checkpoint
inhibitor administration such as the cytotoxic effect as well as
local and systemic inflammation should be considered (71).
These events are frequently associated with alterations in
peripheral blood leukocytes that can be highlighted by
evaluating the neutrophil-to-lymphocyte ratio (NLR) (71).
Various studies have highlighted that in patients with
unresectable stage III-IV melanoma, elevated NLR at baseline
was associated with worse overall survival, progression-free
survival, and clinical response following ipilimumab and
nivolumab treatments (46, 72). Altogether the findings
reviewed in this paragraph strongly suggest that liquid biopsies
based on the evaluation of cellular and non-cellular elements
may be valuable tools in predicting response to immunotherapy
in melanoma to the same extent as compared to ctDNA. The
results described in this paragraph are schematically summarized
in Table 1.
NON CODING RNAs (ncRNAs)

Over the last two decades ncRNAs have emerged as key players
in the development of human cancers as well as in the
establishment of resistance to several anticancer treatments
(73–75). In this review, we will not discuss their biological
roles as this topic has already been widely discussed in
outstanding recent reviews (76, 77).

It is important to point out tha9t the development of ncRNA
signatures in the blood is a more challenging field of research as
compared to the other biomarkers already described in the
previous sections. Some of the main limitations are due to
three issues: 1) their low abundance in body fluids; 2) the
difficulty in normalizing the results as there are no suitable
endogenous ncRNAs that can be used as “housekeeping”
reference analytes at the moment and 3) the great intra-patient
variability limiting the possibility of finding consistency between
biomarkers identified in different studies (78). However, it has to
be considered that thanks to their great stability in body fluids,
ncRNAs are emerging in several studies as novel potential
biomarkers. A large part of these studies focused on the most
abundant class of ncRNAs, namely microRNAs (miRNAs). The
stability of these molecules in the blood is preserved by their
association with proteins such as AGO1/AGO2, proteolipid
complexes and above all extracellular vesicles (EVs) (79, 80).

EVs are broadly classified into four subtypes based upon
vesicle size: 1) exosomes (30-150 nm), 2) microvesicles (50-1000
nm), 3) large vesicles (>1000 nm) and 4) apoptotic bodies (>1000
nm) (81). As to metastatic melanoma, most studies have assessed
the role of miRNAs as predictors of response to targeted
therapies in BRAF-mutant patients (82–85). For example, we
have demonstrated that a mini-signature composed of four
miRNAs, i.e. miR-199b-5p, miR-204-5p, miR-4443 and miR-
4488, is able to distinguish drug-sensitive from drug-resistant
patients (83). In contrast, much less is known about miRNAs as
biomarkers of response to immunotherapy. For some time, the
only data available focused on solid biopsies and provided only
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indirect information about circulating biomarkers. For example,
miR-17-5p levels were shown to be anti-correlated with those of
PD-L1 in melanoma tissue biopsies from patients resistant to
BRAFi or MEKi therapy (86). Likewise, plasma levels of this
miRNA were shown to be higher in patients with PD-L1+ tissues
as compared to PD-L1- 9lesions. Along the same line, the
expression levels of the oncogenic miR-222 were shown to be
higher in solid biopsies from melanoma patients who had no
clinical benefit from ipilimumab as compared to patients who
responded to such therapy (87). These findings suggest that miR-
222 could be a biomarker for predicting response to anti-CTLA-
4 checkpoint inhibitors. To the best of our knowledge, the first
study demonstrating that a signature of circulating miRNAs is
potentially able to predict response to immunotherapy in
melanoma was performed by Huber and colleagues (47). These
authors showed that a set of 8 miRNAs, i.e. miR-146a, miR-155,
miR-125b, miR-100, let-7e, miR-125a, miR-146b, miR-99b are
significantly higher in the plasma of patients who did not
respond to immunotherapy (i.e. ipilimumab or nivolumab) as
compared to responders. Interestingly, the same study also
demonstrated that this signature of miRNAs correlated with
increased levels of MDSCs in the blood of non-responding
patients (47). The subpopulation of immune cells represents a
major obstacle to effective immunotherapy in melanoma and is
considered a valuable biomarker of response as well (see previous
section). Afterwards, miRNA contents of melanoma-derived
exosomes were correlated with response to immunotherapy. In
taking advantage of flow cytometry and microscopy techniques,
it was demonstrated that CD8+ T cells actively internalize
specific miRNAs carried by melanoma exosomes (48). Among
them, miR-3187-3p, miR-498 and miR-181a/b were found to be
able to regulate TCR signaling and TNFa secretion reducing
immune response against the tumor. These findings suggest that
those miRNAs could be measured in the blood and potentially
correlate with the response to immunotherapy in melanoma.
Along the same line, a recent comprehensive transcriptomic
profiling performed on plasma-derived extracellular vesicles
(EVs) from 50 patients with metastatic melanoma underwent
immunotherapy and were divided into responders (n= 33) and
non-responders (n= 17) (49) 9. Results demonstrated that EVs
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deriving from non-responding patients are enriched for
transcriptional signatures belonging to immune- and tumor-
related pathways such as CD1A, MAP2K4, TRBV7-2 and IGFL1.
In regards to the miRNA content, authors found some miRNAs
enriched in the EVs from non-responding patients, such as miR-
551a; in contrast, other miRNAs such as miR-4519 and miR-
4674 were enriched in the EVs derived from responding patients
(49). Finally, a pilot study identified a signature composed of
three circulating miRNAs, namely miR-4649-3p, miR-615-3p
and miR-1234-3p as potentially capable of distinguishing
melanoma patients who better respond to immunotherapy
(ipilimumab, nivolumab, pembrolizumab, or the combination
of ipilimumab and nivolumab as first line therapy) (50). In
particular, the levels of these miRNAs significantly decreased
in the post-treatment samples derived from patients who had a
complete response (CR) as compared to patients who progressed
from immunotherapy. Interestingly, the increased levels of one
of these miRNA, i.e. miR-615-3p showed a superior statistic
capability in predicting PD in post-therapy plasma samples as
compared to LDH levels (50).

Unlike miRNAs, the other classes of ncRNAs have not been
studied as much as circulating biomarkers that predict cancer
management and response to therapy. Emerging findings
indicate that long non coding RNAs (lncRNAs) and circular
RNAs (circRNAs) may be involved in resistance to
immunotherapy because they regulate immune cell-specific
gene signatures that mediate immune escape (11, 88, 89).
However, up until now no studies have investigated their
deregulation in liquid biopsies as predictors of response to
checkpoint inhibitors in melanoma. So far only one study has
tried to correlate lncRNA alterations to the prediction of
immunotherapy response. This study used 9data available from
The Cancer Genome Atlas (TCGA) belonging to bladder cancer
and melanoma patients treated with immunotherapy for
identifying lncRNA profiles associated with immune response
(89). These bioinformatics analyses led to identifying a
signature composed of 49 lncRNAs that are potentially
capable of distinguishing cancer patients who benefit from
immunotherapy. Among them, the low expression levels of a
specific lncRNA, called NKILA were found to be able to
FIGURE 2 | Schematic representation of liquid biopsy sampling.
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distinguish patients who respond to immunotherapy as
compared to those that do not (non-responders). These
initial findings warrant future validation in additional
confirmatory studies.

Altogether the results of this section highlight the potential
role of ncRNAs as predictors of response to immunotherapy in
melanoma. However, it is evident that compared to CTCs and
ctDNA for example, their development as robust biomarkers is
still in its infant stage.

The main findings described in the above paragraphs are
schematically summarized in Table 1.
FINAL CONSIDERATIONS

One major therapeutic breakthrough over the past ten years in
medical oncology has been the introduction of immunotherapy
with checkpoint inhibitors targeting CTLA-4 and PD-1/PD-L1
axis (7). After its initial suc9cess in the treatment of metastatic
melanoma, the clinical application of checkpoint inhibitors has
rapidly spread to the majority of cancer cases with varying
degrees of success. Among several cancer types, melanoma
remains one of the most positively impacted by the use of
these molecules, most likely because of its high mutational rate
as well as to the frequent generation of an inflammatory
microenvironment which together help establish appropriate
conditions for the immune-system to respond (90, 91). In
stage IV melanoma, five year overall survival rates obtained
with the combination of ipilimumab and nivolumab are
currently up to 52% (92). Three Phase III combination studies
in the subset of patients with BRAF V600 mutation using a BRAF
plus a MEK inhibitor and immunotherapy with anti-PD-1 or
anti-PD-L1 have been carried out (93–95). Although we have not
yet obtained data about long term outcomes from these studies,
in two out of three trials, progression free survival did not
improve in the combo therapy arm of immunotherapy plus
targeted therapy over targeted therapy alone and in the third trial
there was a modest improvement. Hence, the issue still remains
that a significant proportion of patients do not benefit from
existing therapies both alone or in combination.

Significant efforts are being devoted to understanding the
biological and immunological basis of drug resistance and several
clinical trials are being conducted with combinations of
additional checkpoint inhibitors i9n the attempt to improve
response rates (94, 95). At the same time, it is important to
develop biomarkers capable of identifying responders from non-
responders to current therapy. The main reasons being the
elevated costs and the high rate of serious immunological
adverse events, in particular those observed with the
combination of anti-CTLA4 and anti-PD-1/anti-PD-L1
antibodies (10). In this regard, a significant contribution has
been provided by the discovery that the combination of
interferon signature and mutational burden in tumor biopsies
is a better, albeit not absolute predictor, of response than the
simple detection of PD-L1 (96). In principle however, an ideal
Frontiers in Oncology | www.frontiersin.org 9103
predictive biomarker should have the following features:
a) require minimally invasive procedures to be measured,
b) allow real-time longitudinal monitoring during the course of
therapy and c) be easy to be measured and standardized. LBs
using blood samples provide the ideal solution (Figure 2). This
approach has the potential to overcome the shortcomings of
repeated re-biopsies of tumors that are often difficult to obtain
(97). Furthermore, the issue with sensitivity of liquid biopsies has
been solved thanks to major technological advancements
reached in the last few years. As it has been reviewed in this
paper, several analytes can be detected in the blood: 1) nucleic
acids like ctDNA and ncRNAs, 2) cellular elements like CTCs
and immune cells and 3) soluble factors like cytokines and
enzymes. Clinical data are more mature with ctDNA based
assays and is relevant to consider that a ctDNA assay based on
the simultaneous measure of 16 different patient-specific tumor
mutations in the blood, has recently been approved in the US by
Medicare to monitor minimal residual disease in Stage II and III
colorectal cancer and to guide therapeutic decisions (Signatera™

MRD Test) (98, 99). Very promising data have been obtained
using the same technology for predicting response to
pembrolizumab in patients with various solid cancers (31).
Hence, we may expect in future years a prominent increase in
ctDNA validation studies and registratio9n of several blood
based assays. The outcome of these studies will allow to set up
new companion diagnostics able to direct/guide precision
medicine in oncology.
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The emergence of immune checkpoint inhibitors has dramatically changed the therapeutic
landscape for patients with advanced melanoma. However, relatively low response rates
and a high incidence of severe immune-related adverse events have prompted the search
for predictive biomarkers. A positive predictive value has been attributed to the aberrant
expression of Human Leukocyte Antigen-DR (HLA-DR) by melanoma cells, but it remains
unknown why this is the case. In this study, we have examined the microenvironment of
HLA-DR positive metastatic melanoma samples using a multi-omics approach. First,
using spatial, single-cell mapping by multiplexed immunohistochemistry, we found that
the microenvironment of HLA-DR positive melanoma regions was enriched by
professional antigen presenting cells, including classical dendritic cells and
macrophages, while a more general cytotoxic T cell exhaustion phenotype was present
in these regions. In parallel, transcriptomic analysis on micro dissected tissue from HLA-
DR positive and HLA-DR negative areas showed increased IFNg signaling, enhanced
leukocyte adhesion and mononuclear cell proliferation in HLA-DR positive areas. Finally,
multiplexed cytokine profiling identified an increased expression of germinal center
cytokines CXCL12, CXCL13 and CCL19 in HLA-DR positive metastatic lesions, which,
together with IFNg and IL4 could serve as biomarkers to discriminate tumor samples
containing HLA-DR overexpressing tumor cells from HLA-DR negative samples. Overall,
this suggests that HLA-DR positive areas in melanoma attract the anti-tumor immune cell
infiltration by creating a dystrophic germinal center-like microenvironment where an
enhanced antigen presentation leads to an exhausted microenvironment, nevertheless
representing a fertile ground for a better efficacy of anti-PD-1 inhibitors due to
March 2021 | Volume 11 | Article 6360571107
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simultaneous higher levels of PD-1 in the immune cells and PD-L1 in the HLA-DR positive
melanoma cells.
Keywords: melanoma, single-cell, multi-omics, multiplex, HLA-DR
INTRODUCTION

Primary Cutaneous Melanoma (PCM) is characterized by an
aggressive course including metastatic spread directly proportional
to the depth of invasion of the tumor cells into the skin (typically
defined as the Breslow thickness) (1). In addition, PCM is also
characterized by one of the highest somatic mutation rates (2), from
which only a minority are driver mutations, while rest are passenger
mutations that do not play a role in tumor development or
progression. Yet, this high tumor mutational burden (TMB) can
translate into a high amount of neo-antigens available for antigen
recognition by the immune system, a feature that has been
attributed to the strong immunogenicity of melanoma and the
clinical effect of immunotherapy in these patients. Indeed, immune
checkpoint inhibitor (ICI) therapy aimed at blocking the PD-1/PD-
L1 axis was approved by the FDA in 2014 for the treatment of PCM
and is now being used as a standard of care for patients with
irresectable stage III or stage IV disease, and as adjuvant therapy in
stage III melanoma (3). Unfortunately, ICI response rates are still
relatively low, at least when given in monotherapy, and a significant
percentage of patients suffers from severe, immune-related adverse
events, which in rare cases can even be fatal (4–6). Therefore a great
demand exists for predictive biomarkers to allow a better patient
selection before exposing them to ineffective, potentially toxic
therapies, for which a number of markers have already been
proposed. For example, the density of CD8+ T cells in both the
border and bulk of the tumor have been correlated with a higher
response to ICI (7, 8). Likewise, the presence of a high TMB, an
interferon-gamma (IFNg)-related mRNA profile and a T cell-
inflamed gene expression profile have also been proven to have a
positive predictive value (9–12). Interestingly, the expression of
Human Leukocyte Antigen-DR (HLA-DR), which is a Major
Histocompatibility Complex (MHC) class II molecule, has also
been associated with outcome in ICI-treated melanoma patients
(13–16). Nevertheless, despite the plethora of different markers,
none of those mentioned can predict response with acceptable
accuracy and none of them have been prospectively evaluated in the
context of a clinical trial which is why they have not found their way
to daily clinical practice.

HLA-DR molecules are dimeric surface receptors that are
mainly expressed in professional antigen presenting cells to
present antigen peptides to CD4+ T cells in order to elicit an
adaptive immune response. HLA-DR, HLA-DQ and HLA-DP are
the three major MHC class II genes. Among these, HLA-DR is the
most ubiquitously expressed. Expression of HLA-DR molecules
requires the expression of CIITA, a transcriptional coactivator
known as the master regulator of MHC II transcription. In an
inflammatory microenvironment, MHC II molecules can be
aberrantly expressed by non-hematopoietic cells, including
melanoma cells (17), which, similar to PD-L1 expression in
2108
melanoma, can occur following secretion of IFNg by NK cells and
cytotoxic T cells (18, 19). Binding of IFNg to its receptor induces
JAK/STAT signaling, which initiates transcription of CIITA via
binding of STAT-1 to the CIITA promoter IV (20). Intuitively, it
could therefore be hypothesized that the aberrant MHC II
expression by melanoma cells would stimulate the immune
response by increasing the presentation of tumor-specific
antigens. However, other interactions are needed to elicit T cell
activation, in particular the expression of co-stimulatory receptors
(21, 22). Contrary to that, MHC II is also a ligand to Lymphocyte-
activation gene 3 (LAG3), a checkpoint molecule that is expressed
by activated T lymphocytes. Upon sustained interaction with MHC
II positive melanoma cells, activated lymphocytes will evolve into
exhaustion, and thus become inactivated (23). These different
mechanisms and the additional cofactors may explain why MHC
II expression is associated with an unfavorable prognosis in some
studies, but with tumor regression and longer survival in others (18,
24–28).

Although some features such as enhanced tumor infiltrating
lymphocytes (TILs), the presence of a lymphocytic activation
pathway and the occurrence of tumor-specific CD4+ T cells
preventing the activation of cytotoxic T cells through production
of tumor necrosis factor a (TNFa) have been reported in HLA-
DR+ melanoma (13, 29, 30), relatively little is known about the
underlying mechanisms and the actual composition of the tumor
microenvironment in these areas. The goal of our study was
therefore to explore the tumor microenvironment in HLA-DR
positive areas of malignant melanoma in order to get deeper
insights into the composition of the infiltrate and the possible
interactions between the local inflammatory cells. To this aim, we
characterized the immune microenvironment in HLA-DR
positive and negative areas using a multi-omics approach,
combining spatial single-cell profiling using multiplexed
immunohistochemistry, but also RNA sequencing (RNA-seq)
from micro dissected material and cytokine profiling (Figure 1).
As such, we identified in HLA-DR positive tumors a
concentration of immune cells specifically in HLA-DR-
expressing areas of the tumor, and this was due to a germinal
center-like microenvironment. We found evidence at multiple
levels that this microenvironment was also characterized by T
cell exhaustion, hyperactivity of the antigen presentation
pathways, and simultaneous higher levels of PD-1 in the
immune cells and PD-L1 in the HLA-DR+ melanoma cells.
MATERIALS AND METHODS

Patient Selection
The clinical features of the patients included in the study are
summed up in Supplementary Table 1. A first data set of 9
March 2021 | Volume 11 | Article 636057
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FIGURE 1 | Investigation of the microenvironment of HLA-DR positive metastatic melanoma samples using multi-omics approach. FFPE samples from patients
expressing HLA-DR+ metastatic melanoma were selected and transferred to TMAs. Then, MILAN was performed on HLA-DR+ and HLA-DR- areas in order to
characterize the immune microenvironment at single-cell level. The data extracted allowed investigating the cell composition, performing the neighborhood analysis
and revealed presence of T cell exhaustion. The cell composition and neighborhood analyses was repeated for germinal centers/tertiary lymphoid structures to
provide more evidence about the similarity between the features characterizing the immune microenvironment of HLA-DR + and HLA-DR- areas and the germinal
centers. In parallel, Multiplexed immunohistochemistry was applied to the frozen samples of HLA-DR+ tumors to reveal HLA-DR+ regions. The regions were micro
dissected to compare Pos and NegInPos areas of selected cases with adequate RNA quality. Gene expression analysis, transcription activity and pathway analysis
revealed signatures related to both pro-inflammatory and anti-inflammatory roles and an upregulation of multiple biological pathways primarily involving the immune
system function. Finally, multiplexed ELISA was performed on HLA-DR+ and HLA-DR- tumors taken from the frozen sample dataset to investigate which cytokines
predominantly drive the composition of the tumour microenvironment.
Frontiers in Oncology | www.frontiersin.org March 2021 | Volume 11 | Article 6360573109
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melanoma metastases (4 HLA-DR+, 5 HLA-DR-), 4 lymph
nodes from completion lymphadenectomies and 1 case with
tertiary lymphoid structures adjacent to a cutaneous melanoma
metastasis with available FFPE material were collected from the
archive of the Department of Pathology of the UZ Leuven
(Leuven, Belgium) and assembled in a Tissue Micro Array
(TMA) with a variable number (1–3) of 2-mm cores per
patient according to the size of the tumor and the extension of
the HLA-DR+ areas in order to achieve a satisfactory
representation of the HLA-DR+ and HLA-DR- areas. A second
data set of 37 fresh frozen melanoma metastases was collected in
order to select cases for laser microdissection and NGS
sequencing. HLA-DR immunohistochemistry (Abcam,
SPM289, 1:1000, 4 µ slides, targeting the alpha subunit of
HLA-DR molecule) was performed, and 4 HLA-DR+ cases
were selected for microdissection on the basis of a higher RNA
quality obtained after RNA extraction. Other 10 frozen samples
(6 HLA-DR+ and 4 HLA-DR-) from this data set were used as a
validation cohort for multiplex ELISA analysis.
Multiplexed Immunohistochemistry Using
the MILAN Method
Multiplexed immunofluorescence staining was performed
according to the previously published MILAN protocol (31,
32), which makes use of a cyclic staining-stripping approach.
An overview of the panel of markers and antibodies used can be
found in Supplementary Table 2. Immunofluorescence images
were scanned using the NanoZoomer S60 Digital slide scanner
(Hamamatsu, Japan) at 20X objective with resolution of 0,45
micron/pixel. Image analysis, feature extraction and phenotypic
identification of the main cell types was performed following the
procedure described in Bosisio et al. (33). Briefly, DAPI images
from consecutive rounds were aligned (registered) using the
Turboreg and MultiStackReg plugins from Fiji/ImageJ (version
1.51 u). The coordinates of the registration were saved as
Landmarks and applied to the rest of the channels. Tissue
autofluorescence was subtracted from an acquired image in a
dedicated channel, for FITC, TRITC and Pacific Orange. The
TMA was segmented into tissue cores using a custommacro. Cell
segmentation, and feature extraction were performed using a
custom pipeline in CellProfiler (version 2014-07-23T17:45:00
6c2d896). MFIs were further normalized to Z-scores as
recommended in Caicedo JC et al. (34). Z-scores were trimmed
between −5 and +5 to avoid a strong influence of any possible
outliers in the downstream analysis. Cell subpopulations were
identified by applying in a subset of all cells (25,000) three
different clustering methods: PhenoGraph, ClusterX and K-
means over the 38 included phenotypic markers: CD138,
CD14, CD141, CD16, CD163, CD1A, CD1C, CD2, CD20,
CD21, CD23, CD248, CD25, CD27, CD3, CD303, CD31,
CD34, CD4, CD5, CD56, CD64, Cd68, CD79A, CD8, CK,
FOXP3, GRB7, HLA-DR, IRF4, IRF8, LYZ, MELANA, PAX5,
PNAD, PODOPLANIN, PRDM1, and S100B. A fingerprint for
each cluster was constructed by averaging the expression of all
their cells for each marker. These fingerprints were associated
with known cell phenotypes by manual annotation from domain
Frontiers in Oncology | www.frontiersin.org 4110
experts (FMB, YVH). This way we have three annotations for
each cell, one per clustering method. The final annotation was
obtained by applying a consensus-based approach: if two or
more of the clustering methods agreed on the assigned
phenotype, then the cell was labelled as such. If all three
clustering methods assigned different cell phenotypes, the cells
were labelled as “other”. In Supplementary Figure 1A are shown
the fingerprints with the expression of all the markers used for
clustering in relation to every identified cell type via the
consensus-based approach. These fingerprints were used to
label the cell phenotype of the remaining cells in the entire
dataset (minimum of Euclidean distance). We further
characterized specific cell types by applying manual gating to
the expression (asinh transformed) of specific markers, as
indicated in Supplementary Figures 1B–D. We identified T
Follicular Helpers based on PD-1 expression in the T helpers
(Th) cluster (TFH, PD-1 high); based on expression of BCL6 and
BCL2, B cells were sub classified into germinal center B cells
(BCL6+/BCL2-, BC_GerminalCenter), early germinal center B
cells (BCL6+/BCL2+, BC_EarlyGerminalCenter) and B cells not
further specified (BCL6-/BCL2- and BCL6-/BCL2+, BC); finally,
melanoma cells were stratified into HLA-DR+ and HLA-DR-
melanoma cells (HLADRpos_mel and HLADRneg_mel).

In Silico Tissue Microdissection
We digitally micro dissected the tissue cores by fragmenting the
tissue into 50x50 pixel tiles (~22 sq micrometers). Tiles with at
least 1 cell identified as tumor were initially defined as tumor
areas. To reduce the impact of potential outliers a median filter
was applied to the obtained tumor masks. Similarly, to define
germinal centers we created a mask for the tiles containing at
least 50% of follicular dendritic cells (fDC), germinal center B
cells (BC_GerminalCenter) or B cells not further specified (BC)
in the tile. Then, we filtered out all the objects in the mask smaller
than 10 tiles (~220 sq micrometers). Finally, we removed those
objects not containing all three cell types used to define the mask
(fDC, BC_GerminalCenter, BC).

To reproduce as much as possible the conditions that we
would have applied during real life microdissection, in a second
step we manually dissected the tumor areas of HLA-DR+ tumors
into HLA-DR+ areas (“Pos”) and HLA-DR- areas (“NegInPos”).
Given that HLA-DR+ areas were always in the tumor edge, only
HLA-DR- areas at the tumor border were included. In addition,
we manually micro dissected the tumor borders of HLA-DR-
tumors (“NegTum”). Finally, we micro dissected germinal
centers from reactive lymph nodes (“GC”) and germinal
centers from tertiary lymphoid structures (“TLS”) from a
cutaneous melanoma metastasis.

Cell Composition Analysis
We compared the cell proportion and density (cell counts per
square millimeter) of the different micro dissected areas using
Wilcoxon’s rank sum test. The reader should note that we
removed the “other”, “stroma”, and “epithelial” cell phenotypes
from the comparison due to the lack of relevance of these cell
types for our analysis. An overview of the p-values derived from
all these comparisons can be found in Supplementary Table 4.
March 2021 | Volume 11 | Article 636057
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P-values were not adjusted for multiple comparisons due to the
relatively low number of samples and the exploratory nature of
the study.

Neighborhood Analysis
We characterized the immune landscape of the different
dissected tissue types by neighborhood analysis (35). We
focused on short distance cell-cell interactions by selecting a
kernel of radius = 50px (~22 micrometers) and assigned an
empirical p-value by a permutation test (N = 1000). The size of
the kernel that defines the neighborhood of a cell is a user-
defined parameter and depends on whether we want to see short/
medium/long-distance interactions. For this particular study, we
are interested in short-distance interactions and have set the
radius of the neighborhood kernel to 50 pixels (~22
micrometers). Considering that the average cell-radius size in
this dataset is of 7 micrometers and that the distance between
two cells is calculated from their centers, this corresponds to less
than 1 cell diameter from the edge of the cell. In brief, the
neighborhood analysis method described by Schapiro et al. (35)
counts specific cell pairs at a user-defined distance and compares
them with the counts that could be found in the random case.
This random case is built by permuting the labels of all the cells a
number of times (N=1000). This approach allows us to compare
the number of interactions observed in the real tissue and
compare them with randomized cases to assign a significance
value to a cell-cell interaction representative of the spatial
organization of the cells. Neighborhood analysis was limited to
the in-silico micro dissected areas (Pos, NegInPos, NegTum, GC
and TLS). In the tumor areas (Pos, NegInPos and NegTum), the
large majority of cells are melanoma cells. Therefore, we did not
randomize the position of melanoma cells in the permutations
since the melanoma cells are organized in large clusters with
relatively few interactions to the rest of the cells. A complete
randomization would thus exaggerate all the other cell-cell
interactions which can lead to misleading results. Interaction
scores across different samples were integrated using a weighted
average. The weight for each sample was defined as the log10 of
Frontiers in Oncology | www.frontiersin.org 5111
the geometric average of the counts for the two cell types being
considered. Finally we classified the nature of the interaction
between two cells types into “strong interaction” if the number of
counts in the observed tissue was higher than 950 random cases
(p-value < 0.05), “moderate interaction” if the number of counts
in the observed tissue was higher than 900 random cases (p-value
< 0.1), and “no interaction” otherwise (p-value > 0.1). “Other”,
“stroma”, and “epithelial” cell phenotypes were not included in
the neighborhood analysis due to the lack of relevance of these
cell types.

Laser Capture Microdissection and RNA
Sequencing
HLA-DR+ tumor/areas were identified by screening all the
mentioned data sets via conventional immunohistochemical
staining for HLA-DR (Abcam, SPM289, 1:1000). A tumor was
considered positive if showing tumor areas with HLA-DR
expression in melanoma cells. HLA-DR expression in our data
sets was generally zonal, as expected, and located at the margin of
the tumors at the tumor-stroma interface. Two expert
dermatopathologists (LG, FB) evaluated the HLA-DR positivity
and classified the tumors as positive, distinguishing HLA-DR
expression in inflammatory cells (e.g. macrophages/dendritic
cells) from real expression in melanoma cells in a similar way
as it is done in the clinics for PD-L1 evaluation, that is considered
to be the gold standard. In this way, only areas with real HLA-DR
expression in melanoma cells (and not exclusively in
inflammatory cells) were microdissected. Laser microdissection
was executed by the expert dermatopathologists on the section
immediately consecutive to the one that was stained for HLA-DR
(Figure 2). Laser microdissection (LMD) of HLA-DR+ and
HLA-DR- tumor areas was performed in HLA-DR+ tumors.
The microdissection was restricted to the marginal zone of the
tumors both in positive and negative areas limiting the amount
of stroma included to strictly peri-tumor. An average of around
2000 tumor cells was dissected per vial. RNA extraction from the
LMD samples was performed by usage of a special RNA
extraction kit for LMD samples (RNAqueous®-Micro Kit, Life
A B

FIGURE 2 | Laser microdissection of HLA-DR+ areas in HLA-DR+ tumors. (A) HLA-DR+ areas were identified using conventional immunohistochemical staining for
HLA-DR. HLA-DR expression in melanoma cells located at the margin of the tumors at margins of the tumour nodules, at the so-called tumour-stromal interface.
(B) Laser microdissection was executed on the immediately consecutive section after morphological recognition of the HLA-DR+ region.
March 2021 | Volume 11 | Article 636057
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Technologies Corporation). Before submission to RNA
sequencing analysis, RNA quality of the LMD samples was
assessed using the Bioanalyzer RNA 6000 pico assay (Agilent).
Four cases with acceptable RNA Integrity Number (RIN between
3,90-6,90) were selected. RNA sequencing analysis was
performed using the Quantseq protocol (Lexogen).

Computational Analysis of Gene
Expression Data
RNA-Seq.fastq files were aligned to the reference genome
(CRCh38.p12, gencode.v31) using STAR v2.7. Raw counts
were then obtained using the featureCounts function from the
RSubread R package. Counts were normalized using the DESeq2
R package. The sequencing data is available at the European
Nucleotide Archive (ENA) under the accession number
PRJEB41749. Next, samples were grouped and we compared
the expression of HLA-DR+ vs HLA-DR- areas in matched
patients. For differential gene expression analysis we applied
the DESeq2 R package with standard thresholds (p-value = 0.05,
logFC = ± 1). Since transcription factors might only become
active in a phosphorylated state or in the presence of
coactivators, differential mRNA expression cannot provide us
with information about their activation. Therefore, the activity of
the transcription factors was predicted based on the expression
of their targets using DOROTHEA (36). Only transcription
factors with a confidence level of A, B, and C were kept for
this analysis. Because complex and heterogeneous phenotypes
are often not the answer to large changes in individual genes but
rather smaller changes in functionally correlated genes, we
subsequently performed pathway analysis using Piano (37).
Implementing the Piano framework, we used the following 10
pathway analysis methods and gene-level-statistics: Fisher (p-
value), Stouffer (p-value), Reporter (p-value), tailStrength (p-
value), Page (t-value), GSEA (t-value), maxmean (t-value), Mean
(FC), Median (FC), Sum (FC). The molecular Signatures
Database (MSigDB), curated pathways (c2), canonical
pathways (cp) version 7.0 was used for the definition of the
gene sets. This database contains 11763 genes mapping to
2199 pathways.

Luminex Analysis
Proteins were extracted from five 10 micrometers-thick cryostat
sections according to the protocol of Allred et al. (38). We built and
validated a customized Multiplex ELISA panel for the Luminex
Flexmap 3D at Protavio (Athens, Greece), coupling different
magnetic beads from Luminex with the capture antibody of the
duoset ELISA from R&D Systems and Standard ABTS ELISA
Development Kit from Peprotech against human INFg, IL6, IL10,
TNFa, IL4, CXCL10, IL17, IL13, CCL18, TGFb, IL23, CXCL13,
CXCL12, and CCL19. Initially, we explored the information content
of these 14 markers using unsupervised dimensionality reduction
(hierarchical clustering and uMap). Next, we trained machine-
learning models (linear discriminant analysis, LDA) using panels
of 1 to 14 markers at the time. We fitted each model following a
leave-one-out cross-validation scheme. Mean Fluorescence
Intensities (MFIs) were normalized (z-scores) before training the
Frontiers in Oncology | www.frontiersin.org 6112
LDA models. For each panel size, the best panel was selected as the
one maximizing accuracy. Models with the same accuracy were
prioritized by minimizing the residual probabilities. Following
Ockham’s razor, we want the simplest model that explains the
data. To that end, we finally selected the optimal model by applying
the elbow criterion on the generated Pareto front to select the
smallest panel size that provides a good predictive ability.
RESULTS

Single Cell Characterization of the Tumor
Microenvironment of HLA-DR Positive and
Negative Areas in Metastatic Melanoma
The main goal of this study was aimed at defining the composition
and characteristics of the tumor microenvironment of HLA-DR+
metastatic melanoma samples compared to HLA-DR- negative
areas/tumors at single cell and spatial level. As a first step, we
screened a cohort of metastatic melanoma tissue samples for HLA-
DR expression. By performing IHC for HLA-DR in these samples,
we identified samples in which the melanoma cells did not express
HLA-DR (HLA-DR-) and samples in which tumor cells were
expressing high levels of HLA-DR (HLA-DR+) (Supplementary
Table 1). Importantly, in this second group, HLA-DR expression in
the tumor cells was mostly not homogeneous but expressed mainly
at the borders of the tumor where tumor cells were interacting with
the adjacent stromal tissue. The borders of the HLA-DR+ tumors
were not circumferentially positive but positive areas and negative
areas could both be present at the borders of a HLA-DR+ tissue
sample (Figure 1). Therefore, in HLA-DR+ tumors we analyzed
and compared the microenvironment of HLA-DR+ areas (“Pos”)
and HLA-DR- areas (“NegInPos”) and in HLA-DR- tumors we
sampled the border zone (“NegTum”). As the next step, we wished
to understand the cellular composition of each of these regions,
with a strong focus on the immune infiltrates and their
interactions. To achieve this, we performed spatially-resolved,
single-cell, multiplexed immunohistochemistry using the
MILAN method (see methods) using a broad panel of
inflammatory, tumor and other stromal cell markers
(Supplementary Table 2). Following quality control and cell
clustering of ~544k DAPI+ cells using the main phenotypic
markers across the included samples, the large majority could
be unequivocally mapped and identified as tumor, endothelial,
myeloid (macrophage or dendritic cells), T, B, NK, and stromal
cells (Supplementary Figure 1A). These were subsequently
combined with a number of functional markers, resulting in the
identification of 23 robust cell types (Figure 3A, Table 1). Using
this approach, we observed that ~7% of the identified MelanA
+/S100B+ melanoma cells were also positive for HLA-DR (13497
HLA-DR+ vs 177829 HLA-DR- cells). Areas enriched in HLA-DR
+ melanoma cells (“Pos”) showed the same zonal distribution as
described for the conventional immunohistochemically staining
for HLA-DR (Figure 2). In each of the samples, we subsequently
defined the different areas (“Pos”, “NegInPos” and “NegTum”),
including also non-tumor lymphoid areas (Germinal centers
“GC” and tert iary lymphoid structures “TLS”) for
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comparison. Next, we determined both the relative distribution as
well as the cell density of the identified cell types across these
different areas (Figure 3B, Supplementary Figures 2–3 and
Supplementary Table 3). In the lymphoid compartment, Tcy
were generally more present in tumor than GC/TLS, with a
significant difference between Pos and GC, while Th, Treg did
not show significant differences. All subtypes of B cells were
enriched as expected in GC/TLS compared to the tumor. NK
cells were strongly enriched in NegTum compared to HLA-DR+
tumors. Among dendritic cells, the main differences were the
expected high abundance of fDC in GC; an enrichment of cDC1 in
Pos compared to both the NegTum and NegInPos; a higher
density, but not proportion, of cDC1 in GC in comparison with
Neg; and a general enrichment of pDC in the tumor compared to
GC. The macrophage compartment showed a peculiar
distribution among the different areas: M1-like macrophages
were abundantly present in Pos compared to NegTum, while
NegInPos had a lower proportion of them (though this difference
was non-significant for density). M2-like macrophages, on the
other hand, were entirely absent in the GC/TLS areas, while they
were present in all tumor areas. We found differences also in the
vascular composition of the areas: high endothelial venules (HEV)
Frontiers in Oncology | www.frontiersin.org 7113
were significantly more present in NegTum compared to GC/TLS
or HLA-DR+ tumors, in which HEVs were equally less
represented in both Pos and NegInPos. There were also some
trends that did not reach significance but for which borderline p-
values were observed. In particular, we found an enrichment of
plasma cells in Pos compared to the adjacent NegInPos, of lymph
vessels in NegInPos and of blood vessels in the tumor areas, while
Pos tended to have less TFH than NegTum and GC/TLS.
Supplementary Table 4 includes the p-values for all
comparisons in terms of cell density as well as cell proportion.

Next, we evaluated the activation status of the Tcy located in
the different areas according to a defined algorithm that makes
use of a panel of activation and exhaustion markers including
CD69, TIM3, OX40, LAG3 as previously published (Figure 4A)
(33). We compared activation levels in the different areas using a
t-test with false-discovery-rate (fdr) correction. We found levels
of exhaustion of the Tcy to be higher in HLA-DR+ tumors
compared to the HLA-DR- ones (p-adj=5.80×10-61), and within
the positive tumors, the Tcy were particularly exhausted in Pos
compared to NegInPos (p-adj=9.92×10-7). Moreover, since
HLA-DR overexpression was found to be associated with
response to anti-PD-1 therapy (13, 16), we also evaluated the
A B

FIGURE 3 | Single cell composition of HLA-DR+ areas, HLA-DR- areas in positive tumors, HLA-DR- tumors, germinal centers and tertiary lymphoid structures.
(A) uMap of a subset of cells (22,000) from the complete dataset included in this analysis (544,910 cells). BC= B cell not further specified; BC_EarlyGerminalCenter=
Early germinal center B cell; BC_GerminalCenter= Germinal center B cell; cDC1 = Classical dendritic cell type I; fDC= Follicular dendritic cell; HEV= High endothelial
venule; HLAneg_mel= HLA-DR negative melanoma cell; HLADRpos_mel= HLA-DR positive melanoma cell; macrop= Macrophage; macrop_CD163= CD163 positive
macrophage; NK= Natural Killer cell; pDC= Plasmacytoid dendritic cell; Tcy= Cytotoxic T cell; Treg= Regulatory T cell; TFH = T Follicular Helper cells; Th= T helper
cell; PC = Plasma cell; cDC2 = Classical dendritic cell type II; Stroma= Stromal cell; epith= Epithelial cell; Lymph_V= Lymphatic vessel; other= Cells not further
specified. (B) Boxplots indicating the relative proportion of different cell-types in the different micro dissected areas, from left to right: ‘GC’ (Germinal center from
reactive lymph nodes; orange), TLS (germinal centers from tertiary lymphoid structures, ochre), ‘NegTum’ (Tumour border of HLA-DR negative tumors, green),
‘NeginPos’ (HLA-DR negative area of HLA-DR positive tumors, blue) and ‘Pos’ (HLA-DR positive area of HLA-DR positive tumors, pink). Significance levels indicate:
*p-value ≤ 0.05, **p-value ≤ 0.01, ***p-value ≤ 0.001. P-values are derived from Wilcoxon tests (not fdr corrected).
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expression of PD-1 in the different areas, thereby observing that
Pos also had higher levels of PD-1 expression (Wilcoxon rank
sum test , fdr corrected, p-adjNegTum=4.22×10

-7 , p-
adjNegInPos=3.54×10

-4) (Figure 4B). In addition, considering
higher PD-L1 expression being described in HLA-DR+
melanoma cell lines and that HLA-DR mediated signaling
increases the expression of PD-L1 in melanoma cells (13, 39),
we compared the expression of PD-L1 between HLA-DR- and
HLA-DR+ melanoma cells and could observe significant higher
expression levels in the HLA-DR+ melanoma cells (Wilcoxon
rank sum test, fdr corrected, p-adj < 1x e-16,Figure 4C).
Summarizing the above, we could show simultaneous
higher PD-1 expression on the immune cells surrounding the
HLA-DR+ melanoma cells that have higher PD-L1 expression
compared to the HLA-DR- melanoma cells.

Finally, we investigated the various cell-cell interactions
between all the identified cellular subtypes in each of the
defined areas (Figures 5A, B). As positive control, we found
that the GC had a florid interaction network, including the ones
that we expected in the B cell (where the various B cell and
plasma cells are interacting with the fDCs cells) and T cell zones
(with a network of TFH, Th, Tcy and Treg cells) (Figures 5A, B,
left panels). In the tumor areas, we mainly found interactions of
M1-like macrophages with either HLA-DR+ and HLA-DR-
melanoma cells. Though, the strength of interaction and the
other actors involved in the interactions with the two melanoma
cell types were different in positive and negative tumors: while in
NegTumHLA-DR- melanoma cells strongly interacted with M1-
like macrophages and also had interactions with pDC (Figures
5A, B, central panels), in Pos the interaction between HLA-DR-
melanoma cells and M1-like macrophages was weaker and
Frontiers in Oncology | www.frontiersin.org 8114
accompanied by interactions with cDC2, while the stronger
interaction was between M1-like macrophages and HLA-DR+
melanoma cells (Figures 5A, B, right panels). In addition,
specifically in Pos, small communities of mixed T and B cells
were found, where in particular Treg interacted with TFH and
Tcy, TFH with Th, and Tcy with BC_GerminalCenter. HLA-DR
negative tumors presented instead a smaller T community
composed of Tcy in contact with TFH.

Gene Expression Analysis, Transcription
Factor Activity Analysis and Pathway
Analysis Identify Signatures Related
to a Mixed B-T Microenvironment,
With Upregulation of IFNg and
Antigen Presentation but Also With
Clues Towards Immunosuppression
in HLA-DR+ Tumor Areas
To further corroborate and further expand the previous findings,
we also performed a transcriptome analysis of micro dissected
samples comparing Pos and NegInPos areas of selected cases
with adequate RNA quality of the data set with frozen samples.
From the 55,401 genes included in the analysis, we found 162
genes significantly overexpressed and 66 genes significantly
under expressed (abs(logFC)>1, p-value<0,05) (Figure 6A,
Supplementary Table 5). We identified the gene functions of
the most expressed genes using the Genecards and Uniprot
database (40, 41). The overexpressed genes in HLA-DR+
versus HLA-DR- areas were divided into 8 subgroups: (1) HLA
class II and related genes (HLA-DPB1, HLA-DRB1, HLA-DPA1,
CIITA, CTSS), (2) cytokines, chemokines and cell signaling
TABLE 1 | Main cell types identified with MILAN.

Cell type Cell subtype Abbreviation # cells % overall % subtype Cell density(cells/mm²)

B cell Not further specified BC 39 600 7.27 61.09 13 356
Early germinal center BC_EarlyGerminalCenter 6 920 1.27 10.67 2 334
Germinal center BC_GerminalCenter 7 161 1.31 11.05 2 415

Plasma cell N/A PC 11 146 2.05 17.19 3 759
T cell T helper Th 38 308 7.03 41.34 12 920

Regulatory T cell Treg 13 074 2.4 14.11 4 410
T Follicular Helper TFH 16 845 3.09 18.18 5 681
Cytotoxic T cell Tcy 24 432 4.48 26.37 8 240

Natural Killer cell N/A NK 7 581 1.39 100 2 557
Dendritic cell Classical dendritic cell type I cDC1 22 736 4.17 47.14 7 668

Classical dendritic cell type II cDC2 11 841 2.17 24.55 3 994
Follicular dendritic cell fDC 5 325 0.98 11.04 1 796
Plasmacytoid dendritic cell pDC 8 329 1.53 17.27 2 809

Macrophage Macrophage Macroph 23 776 4.36 49.46 8 019
CD163 positive macrophage Macroph_CD163 24 291 4.46 50.54 8 193

Melanoma HLA-DR+ melanoma HLADRpos_mel 13 497 2.48 7.05 4 552
HLA-DR- melanoma HLADRneg_mel 177 829 32.63 92.95 59 977

Vasculature Blood vessel Blood_V 16 388 3.01 44.77 5 527
High Endothelial Venule HEV 6 460 1.19 17.65 2 179
Lymphatic vessel Lymph_V 13 757 2.52 37.58 4 640

Epithelial cell N/A Epith 1 941 0.36 100 655
Stromal cells N/A Stroma 10 546 1.94 100 3 557
Other N/A other 43 127 7.91 100 14 546
March 2021 | Vo
Overview of the number of cells detected and both the relative proportion (% of all cells and the % of each subtype) as well as the cell density (cells/mm²) of all identified cell types in the MILAN
analysis, not discriminating between the different micro dissected areas. For the expression/marker profile of each cell type, we refer to Supplementary Figure 1. N/A, not applicable.
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receptors (TGFB1, TLR10, ZFP36, CXCL14, KIR2DL4,
TNFSF15), (3) T and NK cell function related genes
(KIR2DL4, CYTIP, TIM3/HAVCR2, FASLG, SLAMF7,
BHLHE41, LGALS9), (4) B cell function related genes
(BANK1, IGHM), (5) myeloid and monocyte related genes
Frontiers in Oncology | www.frontiersin.org 9115
(MNDA, APOBEC3A), (6) cell growth and differentiation
related genes (ST14, SPINT2, PRKCB, JUNB, MIXL1, ADIRF,
RELB), (7) cell structure, motility and metabolic genes (APOL1,
SNCG, SYTL3, CAPG, STAC3, MYOM1, DSP, DSC3,
TINAGL1, BVES, FMO2, PLA2G4A, ALOX5) and (8) cell
A B C

FIGURE 4 | Analysis of Tcy activation status, TIM3 and PD-1 in the in-silico micro dissected areas. Violin plots of the activation score (A) and PD-1 (B) for the
cytotoxic T cells (Tcys) in the different micro dissected areas. P-values are derived from pairwise t-test (A) and Wilcoxon test (B). (C) Difference in expression of PD-
L1 in HLA-DR+ melanoma versus HLA-DR- melanoma. P-values are derived from Wilcoxon Rank Sum and Signed Rank Test. Significance levels indicate:
*** p-value ≤ 0.001, **** p-value ≤ 0.0001. P-values were adjusted using the false discovery rate (fdr) method
A

B

FIGURE 5 | Neighborhood analysis. (A) Heat maps indicating the significance of cell-cell interactions in the different micro dissected areas. Interactions go from
“strong interaction” (dark green, p-value < 0.05), “moderate interaction” (light green, p-value < 0.1), to “no interaction” (white, p-value ≥ 0.1). Significance levels
indicate: o p-value < 0.1, *p-value < 0.05, **p-value < 0.01. (B) Social networks obtained from moderate and strong interactions. Each node in the graph represents
a cell-type and each edge an interaction.
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cycle related genes (RASSF2, RASSF6, WIF1, JUNB). The
overexpression of several HLA class II genes of group 1 served
as an internal control, confirming the correct location of the
laser-micro dissected areas. The most interesting groups for our
study are number 2, 3, 4, and 5, picturing a mixed inflammatory
microenvironment including B cells, T cells, NK cells and
monocytes. In all these groups we could distinguish genes
exerting both anti-inflammatory roles (TGFB1, TLR10, ZFP36,
CYTIP, TIM3/HAVCR2) as well as genes with pro-inflammatory
and activating roles (CXCL14, KIR2DL4, KIR2DL4, FASLG,
SLAMF7, BANK1). Moreover, genes that inhibit angiogenesis
were also present (TNFSF15, CXCL14). In addition to TIM3/
HAVCR2 overexpression, also LGALS9, encoding galectin-9, a
main ligand of TIM3, was found to be overexpressed.
Interestingly, the genes in the myeloid-related group (number
5) are mainly IFN-induced genes. In addition, we checked the
expression of specific genes associated with immunosuppression/
immune checkpoints that were not included in the MILAN
panel, in particular PD-L1/CD274, IDO1 and CTLA4. Both
PD-L1 and IDO1 were close to the significance threshold set
for this study (PD-L1: p-value=0,067; IDO1: p-value=0,051).
Instead, we did not find a significant differential expression for
CTLA4. Finally, among the significantly under expressed genes
we identified genes involved in more general cell functions such
as cell cycle regulation and metabolism but no specific immune-
related genes. The functions of the genes listed in this paragraph
are further discussed in Supplementary Table 6.

In addition, we selected the 30 transcription factors predicted
to be the most differentially active between Pos and NegInPos
areas and divided them in 7 groups (Supplementary Data 4): (1)
NFKB-signaling related transcription factors (RELA, RELB,
Frontiers in Oncology | www.frontiersin.org 10116
NFKB1, LYL1), (2) IFNg-signaling related transcription factors
(STAT1, STAT2, USF1, IRF1, RFXANK, RFXAP, RFX5), (3)
immune cell function-related transcription factors related to T
cell (TBX21/T-bet), B cell (PAX5, POU2F2), both T and B cell
(BATF, IKZF1) and more various immune cell (IRF4, SPI1,
SPIB), (4) cell growth and differentiation-related transcription
factors (FOS, JUN, JUND, SMAD3, ELF3, GRHL2, KLF5, SP1,
ETS1, ERG) and (5) a transcription factor that is in normal
circumstances restricted to ovarian tissue, that will not further be
discussed (FOXL2). Also the transcription factor analysis
supported the idea of a mixed immune microenvironment in
the HLA-DR positive areas, with predominant IFNg signature.
The functions of the transcription factors listed in this paragraph
are further discussed in Supplementary Table 7.

Finally, we performed pathway analysis and demonstrated an
upregulation of multiple interesting biological pathways
primarily involving the immune system function. In
Supplementary Table 8, all the 2119 pathways included in the
database used for pathways analysis are shown. Among these,
332 pathways were significantly upregulated in the HLA-DR
positive areas compared to the HLA-DR negative areas. Among
these, we looked for pathways that were relevant for immune-
related processes and disregarded those not adding any relevant
information to our study because they were linked to general
biologic pathways (Figure 6B, Supplementary Table 8).
Interestingly, we found again most of these pathways to be
involved in B cell activation, NK and T cell functions (both
helper and cytotoxic), plus upregulation of pathways involving
dendritic cells and antigen presentation and of the PD-1
signaling pathway. From a cytokine point of view, the IFNg
and the IL-12 pathway were predicted to be the most active.
A B

FIGURE 6 | Transcriptomic analysis. (A) Volcano plot showing differential gene expression between HLA-DR+ and HLA-DR- tumour areas. The x-axis represents
the log2 of the fold change while the y-axis represents the -log10 of the p-value derived from a t-test. P-values here are not corrected for multiple comparisons given
the low number of samples included in the analysis. Dashed lines represent the typical thresholds used in differential gene expression to define significance (1 and -1
for the log2FoldChange and -log10(0.05) for the p-value). Genes in the top-right corner (green) are overexpressed in HLA-DR+ areas compared to HLA-DR- areas
while genes in the top-left corner (red) are overexpressed in HLA-DR- areas. The gene names for the top 10 most significant genes are also included in their
respective position. Differential gene expression of different HLA-DR genes are also included among the gene names. (B) Pathway analysis of HLA-DR+ areas
compared to HLA-DR- areas. Interesting pathways from the top 30 up-regulated pathways are included.
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Since some of the upregulated pathways show a significant
number of overlapping genes, crosstalk between these
pathways will definitely be present. The gene signatures of the
pathways implicated in IFNg (REACTOME_REGULATION_
OF_IFNG_SIGNALING, BIOCARTA_IFNG_PATHWAY,
PID_IFNG_PATHWAY) and IL-12/IL4 signaling (PID_IL12_
2PATHWAY, BIOCARTA_NO2IL12_PATHWAY, PID_IL12_
STAT4_PATHWAY, BIOCARTA_IL12_PATHWAY,
PID_IL4_2PATHWAY), in particular, showed some overlapping
genes (Supplementary Figure 4). Some of these were significantly
overexpressed in our gene expression analysis in HLA-DR positive
areas. In the IFNg pathway, the only significantly overexpressed
gene was IRF1, a downstream regulator of IFN-signaling that is
rapidly induced by IFN-a, IFN-b and IFN-g, and regulates the
transcription of several IFN-g-induced genes (20). In the case of
IFN-g-stimulation, this gene, together with USF1 cooperate in the
STAT1-mediated transcription of CIITA, the master regulator of
MHC II transcription (20). Concerning the IL12-pathway, CD247,
FASLG, HLA-DRA, IL2RB and RELB were significantly
overexpressed. CD247 encodes the protein T-cell receptor zeta,
which is a subunit of the T-cell receptor-CD3 complex. The zeta
chain plays an important role in coupling antigen recognition to
several intracellular signal-transduction pathways and thus plays
an essential role in the adaptive immune system. FASLG is the
gene that encodes the protein FAS ligand, a membrane anchored
protein of the TNF family that is present on activated T cells and
NK cells and is essential for their cytotoxic function and T cell
homeostasis. HLA-DRA encodes the alpha-subunit of HLA-DR,
and is thus important for antigen presentation. IL2RB encodes the
beta-subunit of the IL-2 receptor that plays a role in CD8+ T cell
and NK cell mediated immune responses (42). RELB encodes a
transcription factor that is involved in the alternative pathway of
NFkB signaling, stimulated by a small number of TNF receptor
superfamily members (such as CD40) (43). Finally, in the IL4
pathway the differential gene expression analysis showed that
COL1A1, DOK2 and SOCS3, of which only SOCS3 is
interesting enough to discuss. It encodes for a STAT-induced
STAT inhibitor that suppresses cytokine signaling. Its expression
is induced by IL6, IL10 and IFNG. This protein can inhibit the
activity of JAK2 kinase, another gene in common between the
IFNg and the IL12 pathways (44).

Cytokine Expression Profiling Suggests a
Germinal Center-Like Environment in HLA-
DR+ Areas
Finally, we investigated which cytokines predominantly drive the
composition of the tumor microenvironment in HLA-DR+
metastases. Therefore, we performed a customized Multiplex
ELISA panel for the Luminex Flexmap 3D including IFNg, IL6,
IL10, TNFa, IL4, CXCL10, IL17, IL13, CCL18, TGFb, IL23,
CXCL13, CXCL12, and CCL19 comparing HLA-DR+ and
entirely HLA-DR/- samples. Because sufficient material was
needed to measure robust cytokine levels, we could not
perform laser-assisted microdissection, but rather compared
the overarching groups. The normalized (z-score) Mean
Fluorescence Intensity (MFI) values of the different cytokines
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in each sample are summarized in Figure 7A. Initially, we
explored the information content of these 14 markers using
unsupervised dimensionality reduction (uMap). Unsupervised
clustering separated only partially the HLA-DR+ and HLA-DR-
cases (Figure 7B). This means that we had some informative
markers that allowed us to distinguish HLA-DR+ from HLA-
DR- melanomas, and uninformative markers that an
unsupervised analysis cannot dismiss. In order to find the
optimal discriminative panel, we trained Linear Discriminant
Analysis (LDA) models as described in the methods, which
identified a panel of 5 cytokines as the optimal panel (Figure
7C). These 5 markers included IFNg, IL4, and the three germinal
center cytokines CCL19, CXCL12 and CXCL13 (Figure 7D),
highlighting a germinal center-like microenvironment in HLA-
DR+ tumors. This limited 5-plex cytokine panel separated
completely the melanoma metastases expressing HLA-DR from
ones completely negative for HLA-DR (Figures 7E, F).
DISCUSSION

The MHC II complex is one of the main routes for antigen
presentation and immune system activation, yet expression by
melanoma cells is associated with a controversial role in
literature, being described as an unfavorable prognostic factor
in some studies and with longer survival in others (18, 24–28).
Recently, MHC II expression, HLA-DR in particular, has also
been correlated with response to anti-PD-1 therapy (13–16),
nevertheless little is known about the biology behind this finding.
To investigate the inflammatory microenvironment in HLA-DR
positive melanoma, we first characterized at single cell level the
immune microenvironment in HLA-DR positive and negative
areas, then we investigated the upregulated genes and pathways
in these areas and finally we confirmed the hypothesis generated
by the first two levels of analysis by determining which cytokines
are determinant in driving HLA-DR expression in melanoma.

Using MILAN, we identified in HLA-DR positive tumors a
higher variety of inflammatory cell types compared to negative
areas in the same tumor, where in particular a very low amount
of B cells, cDC1, M1-like macrophages and TFH were present.
This finding was also supported by the transcriptomic analysis
that depicted a mixed immune microenvironment in the HLA-
DR positive areas in comparison with HLA-DR negative areas,
with overexpression of several genes, predicted upregulation of
multiple transcription factors and activation of pathways linked
to an increased presence of T cells, B cells and monocytes. Yet,
comparing HLA-DR positive areas with HLA-DR negative
tumors, the former showed a similar degree of variety in the
inflammatory subtypes present, suggesting us that in HLA-DR
positive tumors the HLA-DR positive areas will have the
function of attract and concentrate most of the inflammatory
cells infiltrating the tumor, pauperizing the HLA-DR negative
areas instead.

Concentration and attraction of inflammatory cells is usually a
feature of primary and secondary lymphoid organs, where a precise
loco regional organization of lymphoid and myeloid cells is also
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present. It was therefore surprising for us to find in HLA-DR
positive areas small communities of mixed T and B cells, in
particular with Treg-TFH, TFH-Th and Tcy-BC_GerminalCenter
interactions. Moreover, additional upregulated genes and pathways
pointed at the presence of enhanced antigen presentation, B cell
activation and B cell-specific processes. In particular, the Bystander
B cell pathway regulates apoptosis of those B cells that are not
activated by antigens, a process that usually takes place in the
germinal centers of lymph nodes. Furthermore, transcription factor
analysis showed upregulation of BATF and IRF4, that cooperatively
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regulate IL-4 production in TFH cells (45). Moreover, IRF4 is
expected in plasma cells, B cell activation and germinal center B
centrocytes (46). An immunemicroenvironment with these features
could be comparable to a germinal center.

To provide more evidences about this, we went back to the
single cell data and compared the cell-cell interaction profiles of
negative tumors and HLA-DR positive areas in positive tumors
with germinal centers/tertiary lymphoid structures, by
performing a neighborhood analysis on our spatial single-cell
data. Here, we found that our positive control, the germinal
A B

C

E F

D

FIGURE 7 | Multiplex ELISA assay. (A) Heat map representing the normalized (z-score) mean fluorescence intensity (MFI) of the 14 measured cytokines (columns) in
the 12 samples included (rows). Both rows and columns are sorted based on hierarchical clustering. (B) uMap representing the partial separation of HLA-DR+ and
HLA-DR- samples by unsupervised dimensionality reduction. (C) Pareto front representing model accuracy (left) and residual probability (right) of the best LDA model
for each panel size (x-axis). Elbow criterion identified a panel size of 5 markers as the optimal one. (D) Weights of the 5 included cytokines for the optimal LDA
model: CCL19, CXCL12, CXCL13, IFNg and IL4. (E) Density plot on LD1 for the included samples. (F) Bar plot showing the separation of HLA-DR+ and HLA-DR-
samples following the predictions made with the 5 cytokine panel.
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center itself, had a very specific interaction pattern involving a B
cell community and a T cell community, and in comparison the
close interactions in the positive areas also involved both T and B
cells (BC_GerminalCenter-Tcy-Treg-TFH-Th) while in negative
tumors only the T cell compartment showed significant cell-cell
interactions (Tcy-TFH). Finally, we checked on a broad panel of
cytokines which ones were in combination the most efficient in
discriminating between negative and positive cases. The
Luminex assay confirmed that the ones expressed in the
germinal center microenvironment, together with IFNg and
IL4, best separated HLA-DR positive and negative cases.

This germinal-center-like microenvironment seems to be
supported by the presence of pro-inflammatory cytokines. In
particular, we found to be enriched in the HLA-DR positive
microenvironment: IL12, at transcriptomic level, a cytokine that
is secreted by phagocytic cells and stimulates the production of
IFNg and TNFa by NK cells and T cells, thereby enhancing their
cytotoxic activity (47); and IFNg both at transcriptomic and
cytokine level, providing a nice and solid validation of our
approach and confirming the well-known role of IFNg in
stimulating HLA-DR expression.

Nevertheless, the end result of this germinal center-like
microenvironment appeared to have a dystrophic orientation
towards immune suppression. First of all, overexpression of
multiple immunomodulatory genes (TGFb, HMOX1, TIM3)
and pathways (PD-1 pathway) was found at transcriptomic
level. In particular, TGFb, inhibits the function of effector T
cells and favors differentiation of naïve T cells into Tregs, and
activity of the PD-1 pathway can lead to T cell exhaustion. This
was already confirmed at single cell level, where not only
overexpression of PD-1 was present in HLA-DR positive areas,
but also higher levels of T cell exhaustion, significantly higher
than in HLA-DR negative tumors and definitely more than in
germinal centers, used as control for an area of generation of an
efficient immune response.

Additional evidence points towards an hyper stimulation of
the Tcy as the possible explanation for this exhaustion and
immunosuppression enhancement in HLA-DR positive areas.
Specifically, HLA-DR positive areas were found to be enriched in
antigen-presenting cells (cDC1 and M1-like macrophages) at
single cell level and associated with an enhanced activity of
pathways linked to antigen presentation and dendritic cell
functions in the transcriptomic analysis. Besides that, M1-like
macrophages are found both in negative and positive tumors to
be close neighbors of the melanoma cells. Though, while in
negative tumors they are strongly close to HLA-DR negative
melanoma cells, in positive tumors they have a preferential
strong interaction with HLA-DR positive cells, and this may
represent an overstimulating/confounding microenvironment in
terms of antigen presentation leading to exhaustion and/or to a
immunosuppressive shift in the microenvironment as a control
mechanism to hyper immunity.

Finally, the high levels of PD-1 expression in these areas
could also explain why anti-PD-1 therapy would be more
efficient in HLA-DR positive tumors. In addition, the earlier
described pan-tumor T-cell inflamed gene expression signature
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correlating with clinical benefit to anti-PD-1 treatment seems
to partially overlap with the micro environmental changes
specific for HLA-DR positive melanoma areas described here.
This 18-gene immune panel contains among others CIITA,
STAT1, HLA-DRA, CXCL13 and IFNg (10). Although being
described as an immune-specific signature, based on our
findings a similar gene expression profile is to be expected in
HLA-DR positive melanoma and hence could partially explain
the high efficacy rate of checkpoint blockade in these patients.
In addition, we could observe, in line with others (13, 39),
higher PD-L1 expression in HLA-DR+ melanoma compared to
HLA-DR- melanoma. Johnson and colleagues previously
described a higher PD-1/PD-L1 interaction score to be
predictive for response to immunotherapy, not considering
the underlying type of cell-cell interaction or the cell types
expressing these markers and independent of HLA-DR
expression by the melanoma cells (14). Our findings, showing
higher PD-1 expression levels in the immune cells in the tumor
areas containing HLA-DR+ melanoma cells in addition to
higher PD-L1 expression in the HLA-DR+ melanoma cells
themselves, highlight a similar PD-1/PD-L1 proximity,
potentially driven by HLA-DR expression in the melanoma
cells that could explain the predictive potential of the
expression of HLA-DR.

Despite its novelty, our study is not exempt of limitations. First
of all, the number of patients with HLA-DR+ and HLA-DR-
melanoma included in our analysis is rather limited. Although the
aim of the study was to investigate the specific microenvironment of
HLA-DR expressing melanomas to elucidate an explanation for the
predictive potential of HLA-DR for response to immunotherapy
observed by others rather than producing a patient classifier, the
validity of our findings would be certified if applicable on a larger
patient cohort. Nonetheless, the main conclusion of the germinal
center-like microenvironment in HLA-DR + melanoma is
corroborated using multi-omics applied on different (small)
patient cohorts. In addition, the predictive potential of HLA-DR
expression for response to immunotherapy has been described in
literature by others (13, 16, 48). Independent of this observation,
tumormicroenvironmental analysis in melanoma and evenmore so
in HLA-DR+ melanoma has not been given sufficient attention
within literature. Driven by these 2 aforementioned observations,
in our analysis we had the intent to explore the local
microenvironment of HLA-DR expressing melanoma and
particularly what is different from the tumor microenvironment
of melanoma cells that do not express HLA-DR, and by doing so
potentially provide a first insight on why there is an improved
response to immunotherapy. Hence, because our samples were
selected using only the expression of HLA-DR in melanoma
metastases without considering treatment history prior or after
sampling during this selection, as it was not the primary objective of
our study, we cannot correlate our findings with response to
therapy. Therefore, it remains unclear and speculative whether
our findings in the specific local microenvironment are in fact the
reason why these patients tend to respond better to
immunotherapy. Moreover, in a small subset of pretreatment
biopsy or resection specimens from 30 patient treated with
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anti-PD-1 or anti-PD-L1, objective response rate was significantly
higher in the HLA-DR + subset (79% versus 38%), yet still lacking
response in 21% of the patients (13). Although further validation of
these findings is needed in a bigger patient cohort, micro
environmental differences between responding HLA-DR+
melanoma and non-responding HLA-DR+ melanoma still
remain to be elucidated.

In conclusion, we found that HLA-DR positive areas in
melanoma attract and concentrate the anti-tumor immune cell
infiltration creating a germinal center-like microenvironment,
though presenting dystrophic features. This microenvironment
in fact seems to lead to an exhausted microenvironment through
hyperactivity of the antigen presentation pathways, nevertheless
representing a fertile ground for a better efficacy of anti-
PD1 inhibitors.
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Supplementary Figure 1 | Phenotypic identification. (A) Expression fingerprints.
Average expression profile of the identified cell phenotypes after clustering and
manual annotation (see Methods). M indicates the mean expression of a given
marker for a given cell phenotype. (B) Histogram showing the distribution of HLA-
DR expression in melanoma cells (asinh transformed) used for their manual gating.
A threshold of 2 was selected to separate HLA-DR positive from HLA-DR negative
melanoma cells. (C) Histogram showing the distribution of PD1 expression in CD3+
CD4+ T cells (asinh transformed) used for manual gating. A threshold of 2 was
selected to separate T Follicular Helpers (TFH, PD1+) from wild-type T Helpers (TH,
PD1-). (D) 2D histogram showing the distribution of BCL2 and BCL6 in B cells
(asinh transformed) used for their manual gating. A threshold of 2 was selected in
both markers to separate germinal center B cells (BCL6+/BCL2-), early germinal
center B cells (BCL6+/BCL2+) and B cells not further specified (BCL6-/BCL2- or
BCL6-/BCL2+).

Supplementary Figure 2 | Cell proportion single cell composition of HLA-DR+
areas, HLA-DR- areas in positive tumours, HLA-DR- tumours, germinal centers and
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tertiary lymphoid structures. Boxplots indicating the relative proportion of different
cell-types in the different micro dissected areas, from left to right: ‘GC’ (Germinal
centre from reactive lymph nodes; orange), TLS (germinal centers from tertiary
lymphoid structures, ochre), ‘NegTum’ (Tumour border of HLA-DR negative
tumours, green), ‘ NeginPos’ (HLA-DR negative area of HLA-DR positive tumours,
blue) and ‘Pos’ (HLA-DR positive area of HLA-DR positive tumours, pink). Blood_V=
Blood vessel; cDC2= Classical dendritic cell type II; Th= T helper cell; TFH= T
follicular helper cell; Treg= Regulatory t cell; Lymph_V= Lymphatic vessel; PC=
Plasma cell. Significance levels indicate: * p-value ≤ 0.05, ** p-value ≤ 0.01, *** p-
value ≤ 0.001, **** p-value ≤ 0.0001. P-values are derived from Wilcoxon tests (no
fdr corrected).

Supplementary Figure 3 | Cell density single cell composition of HLA-DR+ areas,
HLA-DR- areas in positive tumours, HLA-DR- tumours, germinal centers and tertiary
lymphoid structures. Boxplots indicating the cell density (cells/mm²) of different cell-
types in the different micro dissected areas, from left to right: ‘GC’ (Germinal centre
from reactive lymph nodes; orange), TLS (germinal centers from tertiary lymphoid
structures, ochre), ‘NegTum’ (Tumour border of HLA-DR negative tumours, green), ‘
NeginPos’ (HLA-DR negative area of HLA-DR positive tumours, blue) and ‘Pos’ (HLA-
DR positive area of HLA-DR positive tumours, pink). BC= B cell not further specified;
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BC_EarlyGerminalCenter= Early germinal center B cell; BC_GerminalCenter=
Germinal center B cell; PC= Plasma cell; Th= T helper cell; Treg= Regulatory t cell;
TFH= T follicular helper cell; Tcy= Cytotoxic t cell; NK= Natural killer cell; cDC1=
Classical dendritic cell type I; cDC2= Classical dendritic cell type II; fDC= Follicular
dendritic cell; pDC= Plasmacytoid dendritic cell; macrop= Macrophage;
macrop_CD163= CD163 positive macrophage; HLApos_mel= HLA-DR positive
melanoma cell; HLADRneg_mel= HLA-DR negative melanoma cell; Blood_V= Blood
vessel; HEV= High endothelial venule; Lymph_V= Lymphatic vessel. Significance
levels indicate: * p-value ≤ 0.05, ** p-value ≤ 0.01, *** p-value ≤ 0.001, **** p-value ≤

0.0001. P-values are derived from Wilcoxon tests (no fdr corrected).

Supplementary Figure 4 | Volcano plots showing the differential expression
between HLA-DR+ and HLA-DR- areas of genes included in different IGNy and IL-4/
IL-12 pathways obtained from the Molecular Signatures Database. (A) BIOCARTA_
IL12_PATHWAY, (B) PID_IFNG_PATHWAY, (C) BIOCARTA_IFNG_PATHWAY,
(D) PID_IL12_STAT4_PATHWAY, (E) REACTOME_REGULATION_OF_IFNG_
SIGNALING, (F) BIOCARTA_NO2IL12_PATHWAY, (G) PID_IL12_2PATHWAY, (H)
PID_IL4_2PATHWAY. The x-axis represents the log2 of the fold change in expression
between HLA-DR positive and HLA-DR negative areas while the y-axis represents the
-log10 of the p-value of a t-test comparing the expression values of these areas.
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The state-of-the-art for melanoma treatment has recently witnessed an enormous
revolution, evolving from a chemotherapeutic, “one-drug-for-all” approach, to a tailored
molecular- and immunological-based approach with the potential to make personalized
therapy a reality. Nevertheless, methods still have to improve a lot before these can reliably
characterize all the tumoral features that make each patient unique. While the clinical
introduction of next-generation sequencing has made it possible to match mutational
profiles to specific targeted therapies, improving response rates to immunotherapy will
similarly require a deep understanding of the immune microenvironment and the specific
contribution of each component in a patient-specific way. Recent advancements in
artificial intelligence and single-cell profiling of resected tumor samples are paving the
way for this challenging task. In this review, we provide an overview of the state-of-the-art
in artificial intelligence andmultiplexed immunohistochemistry in pathology, and how these
bear the potential to improve diagnostics and therapy matching in melanoma. A major
asset of in-situ single-cell profiling methods is that these preserve the spatial distribution of
the cells in the tissue, allowing researchers to not only determine the cellular composition
of the tumoral microenvironment, but also study tissue sociology, making inferences
about specific cell-cell interactions and visualizing distinctive cellular architectures - all
features that have an impact on anti-tumoral response rates. Despite the many
advantages, the introduction of these approaches requires the digitization of tissue
slides and the development of standardized analysis pipelines which pose substantial
challenges that need to be addressed before these can enter clinical routine.
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Van Herck et al. Next Generation Pathology in Melanoma
INTRODUCTION

Next-Generation Pathology and
Personalized Medicine in Melanoma
The oncological treatment of melanoma has radically changed
over the past 10 years: it evolved from a “one-fits-all”
chemotherapeutic treatment with DTIC (1) to a more tailored
setting where therapies are only given when patient- and tumor-
specific features are present. This evolution toward personalized
therapy was ignited by the observation that specific drugs were
only clinically effective in the presence of a specific mutation (2–
10). In addition, following the first successes with IL-2 therapy
(11–13), immunotherapy was re-evaluated leading to the
identification and implementation of checkpoint inhibitor
therapy, a type of immunotherapy based on blocking the
breaks that normally prevent the immune system from
becoming hyperactivated (14–17). While oncology is gradually
moving toward personalized treatments, also pathological
assessments need to progress to cope with the need for in-
depth characterizations of tumor tissues from individual
patients. Salto-Tellez et al. have previously discussed how
pathology, a discipline originally based on the evaluation of
tissue morphology by hematoxylin-eosin (HE) staining,
witnessed 3 main revolutions: first, the introduction of
immunohistochemistry (IHC) in the 80s; second, the adoption
of molecular techniques in pathology (molecular pathology, MP;
mostly next-gen sequencing); and, most recently, the
development of artificial intelligence (AI) tools to support the
pathologist to evaluate and interpret the different features (18).
While tools from the first two revolutions are nowadays fully
embedded in routine clinical work and represent the earliest
steps toward personalized medicine, the third revolution is still
awaiting its breakthrough.

From the available tools, MP is the most advanced as it
reached the required level of specificity to represent the state-of-
the-art. It is mostly based on next-generation sequencing
through which it allows the identification of genetic
aberrations, either by analyzing focused gene panels or whole
genome sequencing. In melanoma, the mutational profile is
nowadays used to support diagnostics but also to select the
most appropriate treatment. For the former, the new WHO Skin
Cancer classification has identified 9 molecular pathways in
which the melanocytic lesions can be classified based on the
type and number of genetic alterations involved (19). Each of
these pathways is further divided in 3 categories with different
biological behavior (benign, intermediate and malignant) that
can also be predicted according to the number of genetic
alterations (≤1, 2 and >2 respectively) (19). The choice of
treatment, on the other hand, is primarily based on the
presence of targetable mutations, such as BRAF V600
mutations, for which specific therapies are available (2–10).

While NGS methods are constantly improving and evolving,
the use of IHC hardly changed over the past 20 years. Indeed, as
opposed to NGS analyses that typically cover 10-100 genes
simultaneously, conventional IHC allows to stain tissue sections
one marker at the time. As such, the analysis of multiple
Frontiers in Oncology | www.frontiersin.org 2124
biomarkers typically requires the analysis of serial sections
which may be a limiting step in small biopsies where only small
amounts of materials are available. Moreover, by its inability to
investigate the co-expression of several markers in the same cell,
important information is systematically missed. A workaround
has been to analyze marker expression patterns in serial sections,
but this approach does not achieve sufficient detail to get to a
robust interpretation. As a consequence, conventional IHC has
become largely insufficient to cope with the required level and
depth by which tumor tissues for each individual patients should
be analyzed. A striking example involves the use of PD-L1 as a
single-plex marker for the prediction of immunotherapy
response: even though it has been implemented in routine
pathological assessments, its detection suffers from significant
technical hurdles making it largely insufficient as a good
predictive marker. Moreover, recent research suggests that the
cell types that express PD-L1 and their location in the tissue is also
of major importance. However, gaining such insights cannot be
addressed by old pathological practices where a semi-quantitative
eye-balling interpretation of the staining is used for subjective
evaluation, and therefore requires the implementation of single
cell-technologies that preserve the spatial distribution of the
various cell types and their original state (20). Multiplexed IHC,
a technological approach that harbors the potential to collect
exactly this type of data, has witnessed major progress over the
past 2-3 years, but still requires several adaptations. For instance,
it relies on full image digitalization and extended computational
analysis, a limitation (but also opportunity) that multiplexed IHC
and artificial intelligence (AI) have in common for their further
implementation in a clinical setting.

Even though digital pathology-based AI tools have already
been developed and have shown some diagnostic, prognostic,
and predictive potential comparable to standard molecular and
genomic-based tests, digital pathology (i.e. the process of
digitizing whole-slide images using advanced slide-scanning
techniques) has not yet been introduced in hospitals at large
scale. Recent advancements in multiplexed IHC anticipate an
even more important role for AI in pathology. The plethora of
data generated by multiplexed IHC where tens to hundreds of
markers are measured in thousands to millions of cells in their
spatial context, provides the ideal setting to exploit AI and deep
learning methods in particular. One of the strongest aspects of
deep learning is to discover hidden features (and their
combinations) otherwise invisible by purely visual inspection,
and correlate them with clinical data. The parallel advancement
of multiplexed IHC and AI-based computational models
represent an unprecedented scenario for the introduction of
next-generation pathology in clinical practice, characterized by
the more widespread usage of digital images and the introduction
of artificial intelligence and deep learning tools on
histopathological images.

In this review we discuss the state-of-the-art, the potential
and the challenges linked to the introduction of next-generation
pathology to the clinical practice of melanoma patients.
All the studies considered in this review are summarized in
Table 1.
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TABLE 1 | Overview of recent studies using digital pathology in melanoma. All studies are ordered according to time of publication.

Main finding(s)/results

Optimized workflow of laser microdissection &
stronger expression of five genes (M-MITF, TYR,
STAT3, CCND1 and PAX3) in primary than
metastatic melanoma

20
ns

No relationship between CD3, CD8, CD20,
CD163, FoxP3 both intratumoral (CT) and
peritumoral (IM) with response/benefit; Only a
trend for the CD163 positive PD-L1 positive
population (p = 0.07)

20
ns

Significant higher ratio of peri/intra tumoral CD3
and CD8 in patients without recurrence

ing Predictive model for response to therapy based
on CD8 expression at the invasive margin (after
multivariate analysis)

r
Superior performance in measuring the
melanoma DoI of proposed multi-resolution
approach compared to two closely related
techniques.

Similar inter- and intraobserver discordance
between WSI and TM

Accuracy and reproducibility similar for WSI/TM

e More than 95% accuracy for classifying a
melanocytic image into different categories such
as melanoma, nevus or normal tissue
Increased numbers of CD69+CD103+ tumor-
resident CD8+ T cells were associated with
improved melanoma-specific survival in
immunotherapy-naïve melanoma patients.

)

Model to define metastatic melanoma immune
context into four categories using the presence
or absence of PDL1+ melanoma cells and/or
macrophages, combined with the presence or
absence of IT CD8+ T cells
Accuracy and reproducibility similar for WSI/TM

A detailed landscape of melanoma metastases
was revealed by applying the ST technology to
generate gene expression profiles, not evident
through morphologic annotation
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Study Main Objective Study population Method(s)

Makhzami et al.
2012 (21)

Improve the cell-type purity by performing laser-
microdissection and investigate tissue-based
transcriptomic data

Transgenic mice IHC-guided laser microdissection

Bifulco et al. 2014
(22)

Investigate prognostic and predictive value of
immunoscore in advanced melanoma patients
treated with ipilimumab

190 FFPE metastatic samples from melanoma
patients treated with ipilimumab

IHC expression of CD3, CD8, CD
and FOXP3 on serial tissue sectio

Capone et al. 2014
(23)

Potential prognostic value of CD3, CD8, CD20, and
FOXP3 as an ‘Immunoscore’ for melanoma

150 lymph nodes from 34 melanoma patients IHC expression of CD3, CD8, CD
and FOXP3 on serial tissue sectio

Tumeh et al. 2014
(24)

Investigate adaptive immune resistance as
predictor of response to anti-PD-1 therapy

Discovery cohort of 46 patients with FFPE
material treated with anti-PD1 monotheray;
Validation cohort of 15 patients

multiplex IF triple stainings, includ
S100, CD8, CD4, CD80, Ki67,
pSTAT1, PD-1 and PD-L1

Xu et al. 2017 (25) Technique for measuring melanoma DoI in
microscopic images digitized from MART1 (i.e.,
meleanoma-associated antigen recognized by T
cells) stained skin histopathological sections

29 histopathological melanoma images (1 training,
28 validation images)

Four modules technique, includin
robust Bayesian based method f
skin granular detection and
multiresolution method using
Hausdorff distance to measure
melanoma invasion depth.

Fertig et al. 2017
(26)

Compare concordance in differentiating spongiotic
dermatitis (SD) and mycosis fungoides (MF)
between digital whole-slide imaging (WSI) and
traditional microscopy (TM )

20 cases of subacute SD and 20 cases of MF WSI versus TM

Kent et al. 2017 (27) Compare accuracy/ reproducibility of pathologist in
diagnosing dermatopathology cases between
digital whole-slide imaging (WSI) and traditional
microscopy (TM )

499 dermatopathology cases representing
spectrum of diagnoses seen in the laboratory

WSI versus TM

Xu et al. 2018 (28) computer-aided technique for automated analysis
and classification of melanocytic tumor on skin
whole slide biopsy images.

66 H&E stained skin WSIs including 17 normal
skin tissues, 17 nevi and 32 melanomas

multi-class support vector machi
(mSVM) with extracted epidermis
and dermis features

Edwards et al. 2018
(29)

Prognostic value of tumor-resident CD8+ T cells in
metastatic melanoma patients prior to
immunotherapy and in patients undergoing anti–
PD-1 immunotherapy

52 melanoma patients multiplex IF using OPAL (CD8,
CD103, SOX10, PD-1) & FACS

Halse et al. 2018
(30)

Prospective study explored the heterogeneous
nature of metastatic melanoma using Multiplex
immunohistochemistry (IHC) and flow cytometry
(FACS)

FFPE from 21 melanoma patients FACS & multiplex IF using OPAL
(CD4, CD3, CD8, FOXP3, PD-L1
SOX10, CD20, CD68 and CD11c

Onega et al. 2018
(31)

Compare accuracy/reproducibility of pathologist in
diagnosing melanocytic lesions between digital
whole-slide imaging (WSI) and traditional
microscopy (TM )

180 skin biopsy cases including 90 invasive
melanoma

WSI versus TM

Thrane et al. 2018
(32)

Optimize and apply spatial transcriptomics (ST)
technology for the in situ and quantitative detection
of gene expression in stage III melanoma lymph
node metastases

4 lymph node melanoma metastases Spatial Transcriptomics AB
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TABLE 1 | Continued

Main finding(s)/results

D-
&
s

Patients with high PD-1/PD-L1 and/or IDO-1/
HLA-DR more likely to respond (P = .0096) and
have significantly improved progression free
survival (hazard ratio [HR] = 0.36; P = .0004) and
overall survival (HR = 0.39; P = .0011)

g
nd
to

Robust segmentation/nuclei classification with
average error rate less than 0.7%

Segmentation of lymph nodes with more than
90% accuracy & proliferation index calculation
with average error rate of less than 1.5%

Favorable prognostic role of CD3+, CD4+, CD8
+, FOXP3+ and CD20+ TILs in melanoma

D4, Pretreatment lymphocytic infiltration is associated
with anti–PD-1 response in metastatic melanoma

e DNN recurrence prediction is independent
prognostic factor in a multivariable Cox
proportional hazard model

45)
Pretreatment CAF profiles are associated with
melanoma immunotherapy outcome

Best model for 12-month progression-free
survival for anti-PD-1 monotherapy included PD-
L1+ cells within proximity to tumor cells and
intratumoral CD8+ density (AUC = 0.80), and for
combination therapy included CD8+ cells in
proximity to tumor cells, intratumoral PD-L1+
density and LDH (AUC = 0.85)
hTERT mRNA was more abundantly expressed
in melanomas compared with benign naevi and
correlated with the prognostic markers Breslow
thickness and the Ki67 index
Tertiary lymphoid structures have a key role in
the immune microenvironment in melanoma, by
conferring distinct T cell phenotypes & co-
occurrence of tumour-associated CD8+ T cells
and CD20+ B cells is associated with improved
survival

x
,

Potential role of B cells and tertiary lymphoid
structures in the response to ICB treatment

(Continued)
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Johnson et al. 2018
(33)

Quantify immunosupression mechanisms within the
tumor microenvironment by multiparameter
algorithms to identify strong predictors of anti-PD1
response

Discovery cohort of 24 melanoma patients with
FFPE material; Validation cohort of 142 melanoma
patients with FFPE material

multiplex IF using OPAL (PD-1 &
L1, HLA-DR & IDO-1 and CD11b
S100); Analysis using AQUAnalys
™

Alheejawi et al. 2019
(34)

Automatic measurement of proliferation index in Ki-
67 stained biopsy image using deep learning
algorithm

9 melanoma WSI Convolutional neural network usin
SegNet architecture to segment a
classify the Ki-67 stained image in
three classes (i.e., background,
active and passive nuclei

Alheejawi et al. 2019
(35)

Computer Aided Diagnosis (CAD) method to
segment the lymph nodes and melanoma regions
in a biopsy image and measure the proliferation
index

39 WSIs include 9 H&E, 9 MART-1, 9 KI-67, 5
CD-45, and 7 S-100 images

Local frequency features and SVM
classifier for lymph node
segmentation & Thresholding and
SVM classification to determine
active/passive nuclei

Fu et al. 2019 (36) systematic review of articles about the prognostic
roles of TIL responses and CD3+, CD4+, CD8+,
FOXP3+, and CD20+ TIL subsets in the prognosis
of melanoma

41 studies included in final analysis Systematic review & meta-analys

Wong et al. 2019
(37)

Are pretreatment tumor-infiltrating lymphocyte (TIL)
profiles associated with response?

Study cohort of 94 anti-PD-1 treated melanoma
patients; Historical cohort 100 untreated
melanoma

5-plex IF using OPAL (including C
CD8, CD20, Ki67, GZMB)

Robinson et al.
2019 (38)

Deep Neural Network (DNN) for quantitative
prediction of melanoma recurrence from a H&E
stained tissue

Training set of 75 melanoma patients; Validation
cohort of 115 melanoma patients

Deep neural net (DNN) architectu
consisting of convolutional and
recurrent neural networks (CNN,
RNN).

Wong et al. 2019
(39)

Test the hypothesis that CAF profiles in
pretreatment tumor specimens are associated with
response to anti-PD-1

Discovery cohort: 117 anti-PD1 treated melanoma
patients; Control group: 194 melanoma patients

5-plex IF using OPAL (including
Thy1, SMA, FAP, S100 and HMB

Gide et al. 2019 (40) Examine the spatial distribution of immune and
tumor cells to predict response to anti-PD-1-based
therapies and patient outcomes

61 melanoma patients with FFPE material (27
monotherapy anti-PD1 treated; 34 combined anti-
PD1 and anti-CTLA4)

multiplex IF using OPAL (PD-1,
SOX10, PD-L1 and CD8)

Baltzarsen et al.
2020 (41)

Evaluate the diagnostic or prognostic marker of
hTERT mRNA in melanoma

17 melanoma and 13 benign naevi RNAscope

Cabrita et al. 2020
(42)

Investigate the role of B cells in antitumor
responses in melanoma

177 melanoma patients multiplex IF & Nanostring GeoMx
Digital Spatial Profiler

Helmink et al. 2020
(43)

Investigate the role of B cells in antitumour
responses in melanoma

Discovery cohort of 23 melanoma patients;
Validation cohort of 18 melanoma patients

Gene expression profiling, multipl
IF using OPAL (CD20, CD21, CD
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TABLE 1 | Continued

ethod(s) Main finding(s)/results

Nanostring GeoMx
rofiler & CytOF

ing MILAN (39 plex),
mics & qPCR

Brisk and non-brisk patterns are heterogeneous
functional categories that can be further sub-
classified into active, transitional or exhausted,
and have an improved prognostic value when
compared to that of the brisk classification

system using a
ee independently-
tional neural networks

Deep-learning-based confidence scoring
classification system with accuracy of up to 98%

neural network:
m

Automated % TIL scoring significantly
differentiated survival using an estimated cutoff of
16.6% TIL, whereas TIL did not associate with
RFS between groups (P > 0.05) when
categorized as brisk, nonbrisk, or absent.

n based deep
onvolutional
eural network
th two semi-
ning stages for the
decoding parts

Segmentation of nests areas with Dice similarity
coefficient 0.81, sensitivity 0.76, and specificity
0.94

oMx Digital Spatial
and mRNA
lysis

Loss of BAP1 expression is associated with an
immunosuppressive microenvironment in uveal
melanoma

anostring GeoMx
rofiler

Transcriptionally profiling of regions of high and
low CTNNB1 expression within melanoma and
prostate tumors and identify genes potentially
regulated by the WNT- b-catenin pathway

ional-neural network
ct viable tumor areas;
ntitative TIL detection
te additional neural

TIL clusters are associated with response to
immunotherapy in BRAF V600E/K mutated MM.

ital (TIL) analysis
convolutional neural

)

After multivariable Cox proportional hazards
analysis, ADTA contributed to DSS prediction
(HR: 4.18, CI 1.51–11.58, p = 0.006).

Cytometry (IMC) (25 Identification of a series of potentially indicative
biomarkers for immunotherapy in metastatic
melanoma, including B2M.
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Study Main Objective Study population M

CD8, FOXP3),
Digital Spatial P

Bosisio et al. 2020
(44)

Characterize the immune landscape in primary
melanoma

29 primary cutaneous melanoma (23 non-brisk, 6
brisk)

multiplex IF us
shotgun proteo

Ianni et al. 2020 (45) deep learning system to classify digitized
dermatopathology slides into 4 diagnostically-
relevant classes (Basaloid, Squamous, Melanocytic
and Other)

Training set of 5070 H&E stained skin biopsies;
Validation set of 13 537 H&E stained skin biopsies

Deep learning
cascade of thr
trained convolu
(CNNs)

Chou et al. 2020
(46)

Compare the prognostic accuracy of an automated
% TIL score using the NN192 algorithm to that of
Clark’s grading

453 melanoma patients TIL-quantifying
NN192 algorith

Kucharski et al.
2020 (47)

semi-supervised solution using convolutional
autoencoders to to segment nests of melanocytes
in histopathological images of H&E-stained skin
specimens

Training set of 70 H&E stained WSIs of selected
melanocytic lesions including 22 lentigo maligna,
20 junctional dysplastic nevi, 13 melanoma in situ
and 15 superficial spreading melanoma (15);
Validation set (of manually labeled ground truth
images) of

Computer-visio
learning tool: C
autoencoder n
architecture wi
supervised trai
encoding and

Figueriredo et al.
2020 (48)

Investigate the mechanisms that supress tumor
infiltrating lymphocyte in uveal melanoma

1 patient with uveal melanoma for Digital Spatial
profiler,

Nanostring Ge
Profiler, CytOF
expression ana

Dikshit et al. 2020
(49)

Develop a novel workflow to combine the single
molecule and single cell visualization capabilities of
the RNAscope in situ hybridization (ISH) assay with
the highly multiplexed spatial profiling capabilities of

the GeoMx™ Digital Spatial Profiler (DSP) RNA
assays

3 melanoma & 3 prostate tumors RNAscope & N
Digital Spatial P

Klein et al. 2021 (50) Evaluate the predictive value of tumor infiltrating
lymphocyte (TIL) clusters in primary MM and its
association to molecular subtypes to predict
response to CPI treatment.

H&E stained slides: Discovery cohort of 90
immune checkpoint therapy treated melanoma
and a validation cohort of 351 patients from
TGCA database

Deep-convolut
(U-Net) to dete
following a qua
using a separa
network

Moore et al. 2021
(51)

Test whether automated digital (TIL) analysis
(ADTA) improves accuracy of prediction of disease
specific survival (DSS) based on current pathology
standards

Training cohort of 80 melanoma patients,
validation cohort of 145 melanoma patients

automated dig
(ADTA) using a
network (CNN

Martinez-Morilla
et al. 2021 (52)

Characterize the tumor microenvironment of
patients with metastatic melanoma to find indicative
factors of treatment response

Not reported Imaging Mass
markers)
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Van Herck et al. Next Generation Pathology in Melanoma
The New Morphological Evaluation:
AI-Based
Historically, the role of the dermatopathologist in malignant
melanoma concerned mainly 3 aspects: (i) find the right
histopathological diagnosis of pigmented lesions; (ii) define the
pathological staging for the primary malignant melanoma on
the basis of Breslow thickness and ulceration; and (iii) list all
the other relevant prognostic parameters not included in the
staging process such as regression, inflammatory infiltrate,
microsatellites, etc. This evaluation has always been done using
a simple hematoxylin-eosin (HE) staining and a visual
interpretation of the morphometric features of the tissue by
the pathologist. The first task listed above is definitely the most
challenging and still impossible to be performed by the machine
autonomously. For the last two monotonous tasks, instead, the
pathologist can be more effectively assisted by digital pathology
where these parameters can be objectively quantified by the
computer on digitized whole-slide images leaving more time to
the pathologist for the diagnostic process.

First of all, finding the right histopathological diagnosis of
pigmented lesions is known to be one of the most challenging
tasks in pathology, requiring extended training and expertise.
This is further highlighted by the fact that there can be a high
degree of discordance when the same lesion gets evaluated by
different pathologists (53). Even though discordance is still
present among the more experienced dermatopathologists (54),
experience and specific training in dermatopathology do
improve the diagnosis of difficult cases (55). In fact, digital
pathology can be used to virtually share slides between
peripheral hospitals and reference centers, facilitating the
process of second opinion and expert review. As such, both AI
and digital pathology can provide a more standardized level of
diagnostic accuracy, ensuring patients get access to the most
reliable diagnostic assessments. Digitized whole scan images of a
histological slide have been found to have similar effectiveness,
both in terms of accuracy and diagnostic workflow, to traditional
microscopy for the evaluation melanocytic lesions (26, 27, 56).
Moreover, artificial intelligence can also bring its experience,
namely its machine learning training, to the side of less
experienced pathologists to assist them with more complex
diagnostics. In this direction, even before the introduction of
machine learning, feature extraction-based algorithms had
already proven to be efficient to distinguish melanocytic lesions
with an accuracy of 95% (28). Even more recently, a first machine
learning algorithm was developed to evaluate the degree of
uniformity and symmetry of melanocytic nests as a first step to
discriminate between benign and malignant lesions (47).
Nevertheless, it is very unlikely that the application of digital
pathology and AI will replace the pathologist in the diagnostic
process, especially for melanocytic lesions. Since the use of deep
learning allows the mining of complex morphometric features
that go beyond mere visual identification, these can be applied in
the form of an augmented reality rather than of an autonomously
working AI, in order to suggest elements in favor and against the
diagnosis of melanoma that will necessarily need to be reviewed
by the pathologist itself. The augmented reality will bring to the
Frontiers in Oncology | www.frontiersin.org 6128
attention of the pathologist features that should not be missed,
helping him to recognize the trivial case (all the features pointing
in one direction) from the more complex one (more contrasting/
ambiguous features), speeding up the work of the pathologist,
thanks to a triage process but not substituting him in making the
definitive diagnosis. Therefore, it is also more realistic that the
role of digital pathology and machine learning will be assisting
the general pathologists with less experience in melanocytic
lesions rather than the experienced dermatopathologist
(Figure 1).

Interestingly, artificial intelligence could also be used to
organize collections of digitized tissue slides by image
similarity, and, as such, go far beyond the use of mere text-
based searches. This can have various applications: (i) matching
new cases to archived morphologically similar cases to propose a
putative diagnosis and potentially improve the diagnostic
accuracy; (ii) groups of similar images can more efficiently be
retrieved from the archives for training purposes, not only to
develop new or improved algorithms, but also for pathologists-
in-training (57).

Software packages that are able to apply automated
measurements, can also make diagnostics more efficient by
automatically retrieving the required parameters and adding
them to clinical reports. One of the first studies to use deep
learning in histopathology allowed to recognize and count
mitotic cells in breast cancer with higher accuracy compared to
manual assessment (58). As manual counting mitotic nuclei is a
highly time-consuming tasks, it could be easily replaced by AI in
melanoma reporting as well. Other practical examples involve
the measurement of the Breslow thickness (25), the evaluation of
the proliferation index or the detection of lymph node metastasis
(34, 35), for which deep learning algorithms are already available.
In addition to this, deep learning has been proven useful as an
alternative way to the most traditional pathological report to
predict the risk of melanoma recurrence, on the basis of features
extracted from HE images (38). Moreover, image analysis and
machine learning were also applied to quantify tumor infiltrating
lymphocytes (TILs) on HE, revealing to be a better tool than the
actual semiquantitative classification in brisk, non-brisk and
absent to estimate survival for melanoma patients (46, 50, 51)
and to be associated with response to checkpoint inhibitors in
BRAF V600E/K mutated malignant melanomas (50)

Finally, on top of assisting the pathologist with the diagnostic
process and the definition of the prognosis, there are additional
advantages to the introduction of digital pathology (Figure 1).
The number of cases in dermatopathology has been rising over
the last decade, and as such also the workload of the
dermatopathologists (59). Most of these lesions are benign and
easy to recognize, yet require dedicated time for evaluation. This
reduces the available time for the more challenging/difficult
cases. Software packages have recently entered the market that
can assign a “class” to a skin lesion (e.g. epithelial vs
melanocytic), detect easy, benign lesions, that can be
prioritized and quickly diagnosed, and assign a particular flag
to cases recognized as “complex”, onto which the pathologist can
focus longer (45). In this way, artificial intelligence can help to
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optimize the flow of the daily work of the pathologist and
improve the robustness and efficiency to come to a
proper diagnosis.

Beyond Morphology: The Spatial Omics
As stated higher, the evolving treatment landscape in malignant
melanoma has resulted in an increased demand for more and
better predictive evaluations on top of the already available
prognostic ones. The combination of both is a prerequisite to
Frontiers in Oncology | www.frontiersin.org 7129
move toward personalized approaches in which treatments are
matched to the right patients. Within metastatic melanoma, the
use of checkpoint inhibitor therapy has revolutionized the
outcome for patients with an objective response rate between
33.7-45%. Interestingly, the clinical efficacy of anti-PD1
antibodies as monotherapy (15, 16, 60), was slightly improved
when combined with anti-CTLA-4 antibodies (up to 58%) (60,
61), but at the cost of higher toxicity rates. To avoid the
biological, ethical and economical costs of administering
FIGURE 1 | Digital Pathology and AI for a new morphological evaluation. The limitations related to the visual inspection-based diagnosis made by the pathologist on
HE stained samples can be overcome with digital pathology and the support of AI and image analysis. Thanks to such computational tools it is possible to achieve
more accurate diagnoses, based on a quantitative and more detailed analysis rather than a qualitative assessment, to support pathologists in their work, to automate
time-consuming and repetitive tasks and to also improve the organization and the way cases are stored.
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non-effective treatments to patients, we will need to find
predictive biomarkers that can guide clinicians to make
informed decisions. In this light, several biomarkers have been
described, such as a minimal expression of PD-L1 by
conventional IHC (62), a minimal level of tumor mutational
burden (TMB) (63), and gene expression profiling (GEP) using
the IPRES or IMPRES signatures (64, 65), but none of these have
provided the required sensitivity and/or specificity to be
implemented in the clinic. This could be due to the limited
amounts of information on the tumor and its microenvironment
that are gathered by these assays, and which turned out to be
insufficient to efficiently predict response to therapy. Indeed,
understanding the conditions in which the immune system can
be reinvigorated by ICB turns out to be complex and requires the
integration of multiple parameters and features. Next-generation
pathology using spatially resolved single-cell assessments of a
tissue has the potential to shed more light on the complex role of
the TME in a patient response to therapy, as it integrates
functional information of each individual cell while adding
information about their spatial context (Figure 2) and as such
the interactions between different cell types.

As anticipated in the introduction, conventional IHC cannot
provide a multiparametric in-depth characterization of the tissue
at single cell level. To overcome the limitations of conventional
IHC, multiple approaches have been tested. A first example
involves the use of virtual multiplexing which vertically aligns
digital images from serial sections. Virtual multiplexing has been
made (commercially) available by VisioPharm and HistogGeneX
(66) among others. An example is the Tissuealign™ analysis
module from VisioPharm that has been validated for in vitro
diagnostic use (CE-IVD) in Europe in combination with the CE
IVD APPs from VisioPharm (67, 68). Nevertheless, vertical
registration still does not allow detailed single-cell phenotyping
which requires insights in the co-expression of different markers
in exactly the same cell. In addition, to identify all the
inflammatory subpopulations that are present in a histological
sample, the evaluation of more than 20 markers is needed, ideally
on the same tissue section (“high-plexing”). Nowadays, several
methods for tissue multiplexing are available (69) and any
technique representing a surrogate to investigate co-expression
of markers at single cell level should be replaced by multiplexed
IHC. First investigated in the context of colorectal cancer (70),
the implementation of the concept of an ‘Immunoscore’ or
immunoprofiling into a renewed cancer staging system
incorporating the effects of the host immune response based
on the numeration of specific lymphocyte populations alongside
with the tumor cell-autonomous characteristics has been proven
useful in the context of advanced melanoma as well (23). The
colorectal Immunoscore, which involved a quantitative
assessment of CD3+ and CD8+ T cells both at the invasive
margin and bulk of the tumor, was already published in 2006
and encouraged the adoption of digital pathology tools for
biomarker discovery (70, 71). Specific for melanoma, the
definition of a comparable Immunoscore seems to be a more
difficult challenge (72). In many patients, metastatic lymph
nodes are the only available tissue samples and concerns are
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raised about the applicability of an Immunoscore in lymph nodes
because they are constitutively rich in CD3 and CD20
lymphocytes. In a first effort, an Immunoscore constructed
based on the expression of CD8, CD3, CD20 and FOXP3, was
applied on a small cohort of stage III melanoma patients showing
significant differences in the peri/intratumoral ratio for both
CD3 and CD8, with the ratio being higher in patients without
recurrence compared to patients with melanoma recurrence,
with similar trends for both FOXP3 and CD20 were observed
(71). In a more recently published systematic review, a favorable
prognostic role of the CD3+, CD4+, CD8+, FOXP3+, and CD20+

TILs on the overall survival of melanoma patients was
confirmed. In addition, in a subgroup analysis, brisk TILs were
associated with overall survival, recurrence-free survival, and
melanoma-specific survival (36). Likewise, the predictive
performance of an alternative Immunoscore, using a digital
image analysis application to characterize immune infiltrate
expression of CD3, CD8, CD20, FOXP3 and CD163 and of
PD-L1, was tested in a metastatic melanoma cohort of patients
treated with Ipilimumab in the MISIPI trial (22, 72).
Unfortunately, this trial was unable to confirm the relationship
between intra/peritumoral expression of CD3, CD8, CD20,
CD163, FOXP3 and a response/benefit to therapy, apart from
a trend for the CD163-PD-L1 double positive population (22).
Another study, using a low-plex with only 6 markers found
instead that the quantity but not the activation of CD8+ TILs was
associated with anti-PD-1 response in metastatic melanoma (37).
In an attempt to categorize the intrinsic heterogeneous nature of
metastatic melanoma, Halse and colleagues used multiplex
immunohistochemistry to provide a model which defines the
immune context into four categories, using the presence or
absence of PD-L1+ melanoma cells and/or macrophages, and
their location within or around the tumor, combined with the
presence or absence of intratumoral CD8+ T cells. This model
values the melanoma TME as a spectrum between tumor escape
and tumor (immune) control within the space of a tissue (30),
encouraging others to investigate the spatial distribution of both
immune and tumoral cells when interpreting the response to
immunotherapy. Confirming the latter, whereas no association
with response or survival could be observed in the expression of
individual biomarkers (PD-1, PD-L1, IDO-1, HLA-DR), a
spatially-resolved low-plex PD-1/PD-L1 interaction score and/
or IDO-1/HLA-DR co-expression was strongly associated with
an anti–PD-1 response, highlighting the importance of
quantitative spatial profiling for multiple features (33).
Furthermore, Gide and colleagues examined the spatial
distribution of immune and tumor cells using a 5-plex
immunofluorescence approach in samples of patients prior to a
treatment with either anti-PD-1 monotherapy or a combination
of anti-CTLA-4 and anti-PD-1. In a multivariate analysis, the
best predictor for a 12-month progression-free survival upon
anti-PD-1 monotherapy involved the quantification of the
proximity of PD-L1+ immune cells to tumor cells and the
density of intratumoral CD8+ T-cell, as such achieving an
AUC of 0.80. For the combination therapy, the authors
identified that a correlation with the proximity of CD8+ T-cells
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to tumor cells, the density of intratumoral PD-L1+ cells and LDH
expression (AUC = 0.85) to response to therapy (40). Similarly,
others have shown that pre-treatment samples obtained from
responders to anti-PD1 therapy showed that increased amounts
of CD8-, PD-1- and PD-L1+ cells resided at the invasive tumor
margins and within the tumor, with close proximity the ligands
PD-1 and PD-L1 (24). In addition, the use of multiplexed
immunofluorescence highlighted a potential predictive role for
Frontiers in Oncology | www.frontiersin.org 9131
specific cancer-associated fibroblasts (39) and CD103+ tumor-
resident CD8+ T cells (29) in melanoma patients treated with
anti-PD-1 therapy. Also, the potential contributing role of
tumor-associated B-cells has been studied using multiplexed
immunofluorescence, showing an association between co-
occurrence of tumor associated CD8+ T cells and CD20+ B
cells with improved survival, while revealing the formation of
tertiary lymphoid structures (TLS) in these CD8+CD20+ tumors
FIGURE 2 | Searching for predictive biomarkers in malignant melanoma with spatial multiplexing techniques: advantages and challenges. Predictive evaluation of
malignant melanoma is needed for a more personalized treatment plan, but predictive biomarkers must still be identified. Conventional IHC is a single-plex based
method which does not provide information at single-cell level. On the other hand, multiplexed IHC and spatial -omics methods make it possible to extract
information from multiple markers at single-cell resolution and to investigate cell-cell interactions. However, despite the great advantages, those techniques have not
yet been validated in clinics and it is currently not possible to integrate the information from different -omics on the same section at single-cell level. Moreover, those
methods are strictly dependent on computational techniques for the downstream analysis, hence they carry all the challenges related to image analysis.
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(42) and their potential role in response to immunotherapy (43).
Overall, according to a recently published meta-analyses, the
extended information that could be extracted using multiplexed
IHC/IF appears to be associated with improved relative
diagnostic accuracy in predicting clinical response to anti-PD-1
therapy over the other previously mentioned biomarkers (PD-L1
conventional IHC, TMB, GEP) (73).

Strikingly, most of the research trying to map the melanoma
TME were done using “low-plex”methods (less than 10 markers
on the same section), and yet the majority of them added
interesting insights into the anti-melanoma immune response
and response to immunotherapy. The reason why even a low-
plex approach can be more insightful compared to other
molecular methods (e.g. NGS analysis) which often cover even
more parameters, could be related to the insights gained within
the spatial component. Indeed, the spatial dimension (i.e.
understanding the exact position of each cell type within a
tissue) could be considered as a biomarker itself. Available
analysis methods are now able to generate cell density metrics
for specific tissue regions, assess the distance between various cell
types, among many more. Such higher-order insights grant the
possibility to go beyond mere cytometric analysis of the tissue
(i.e. the overall cellular composition of a tissue) and investigate
“cellular sociology” in order to make assumptions about their
interactions in particular niches. Moreover, already in the early
days of single-cell genomics, it was clear that the success of the
different single-cell technologies would depend, in part, on
the extent to which researchers preserve the states of cells and
the original composition of a tissue (74). After all, most of the
initial single-cell methods required cells to be dissociated from
the tissue, thereby losing all spatial information while potentially
affecting the original cell states. To deal with this flaw, the most
recent single-cell methods aim at preserving the cells in their
original context and state.

Within the available spatial omics methods, we can
distinguish spatial proteomics, transcriptomics and genomics
(Figure 2). Most of the spatial proteomics techniques are
antibody based methods that achieve their plexability from
either multi-spectral imaging and/or iterative imaging of
successive antibody staining cycles combined with fluorophore
bleaching/inactivation/cleaving or antibody stripping (75–80).
Similarly, spatial transcriptomics enable the in-situ visualization
of RNA transcripts within the tissue either by measuring pre-
determined targets or even global expression data (81–86). A
detailed description and comparison of the different available
techniques for spatial -omics, goes beyond the scope of
this review.

Several of the abovementioned technologies have been
applied to melanoma in an attempt to improve prognostic and
predictive performance of potential biomarkers, or as a discovery
tool to unravel mechanistic insights in the TME. Accordingly,
our group previously used MILAN – an imaging/antibody-based
single-cell proteomics method - to functionally study tissue
architecture, thereby redefining the TIL infiltrate in primary
melanoma into a functional classification with an improved
prognostic value as compared to the dogmatic morphological
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classification (44) and described a higher level of interaction
between melanoma cells with active CD8+ and CD4+ T cells in
patients responding to anti-PD-1 as compared to the non-
responding patients (87). Others have used imaging mass
cytometry (IMC) with a 25-antibody panel to identify tumor
and immune cell markers in melanoma patients treated with
immune checkpoint blockers, revealing significant associations
of MHC-I, CSF1R, IRF1, LAG-3, PD-1, MHC-II and beta2-
microglobulin expression in tumor tissue with progression-free
survival, whereas high levels of TIM-3 and PD-L2 in the stroma
also predicted response to immunotherapy (52). Spatial
transcriptomics have been used to visualize the distribution of
mRNA within the melanoma TME, revealing among others the
complex transcriptional spatial landscape and genetic
heterogeneity in stage III cutaneous melanoma (32).

The Integration of Multi-Omics Within
the Tissue
Most of the methods for spatial omics are limited by their ability
to examine only one type of analyte (protein or nucleic acids).
One step closer toward a complete understanding of the TME of
melanoma and the drivers of response to immunotherapy will
require the integration of information retrieved from several
-omics approaches, each providing complementary information.
The integration of information from different omics technologies
and particularly those integrating information from the same
section at single-cell level while preserving the spatial context
represents the ultimate goal for next-generation pathology. In
spite of major progress in the development of methodologies that
simultaneously extract various features from the same cell, a
genuine, spatially integrated multi-omics approach, enabling the
simultaneous analysis of proteome, transcriptome, genome- and
epigenome within the spatial coordinates is still not available.
Therefore, while the development of such combinatory
technologies is ongoing, other approaches are being evaluated,
including the computational integration of spatially resolved
assays (which typically rely on a predefined, but limited set of
features), and an unbiased method, such as single-cell RNA-
sequencing (scRNAseq) which requires cells to be removed from
the tissue. Another simplified approach consists of performing
various spatially resolved omics analyses on serial sections, and
integrating the findings in a comprehensive framework. As
discussed earlier, the use of multiplex immunofluorescence
confirmed the importance of tumor-associated B cells and TLS
in metastatic melanoma (42, 43), a finding that was further
corroborated by spatial transcriptomics, indicating that T cells in
TLS-negative tumors had a dysfunctional molecular phenotype
(42) whereas TLS-positive tumors are associated with markers of
T cell activation and B cell proliferation (43). Alternatively,
combining multiple omics on serial sections can be integrated
at the tissue level by making use of vertical registration. For
example, digitally superimposing a melan-A classical IHC on 1
section and RNAscope probing for hTERT on the adjacent
section, allowed these researchers to show a higher expression
of hTERT mRNA in melanoma as compared to benign naevi
(41). Yet another approach is to laser-microdissect regions from
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a tissue for gene-expression analysis, while being guided by
classical IHC staining on the adjacent section. Such approach
has been used to compare expression profiles of IHC-positive
and IHC-negative areas, thereby improving cell-type purity in
the different samples as compared to classical tissue-based
transcriptomic data (21). With the development of Spatially-
resolved Transcriptomics via Epitope Anchoring (SvEA) in
pivotal work done by Govek and colleagues, this has recently
been made possible (88). In this approach, the transcriptomic
data acquired via CITE-seq (89) can be mapped to spatially
resolved CODEX mIHC data (77), while retaining the single cell
spatial resolution by making use of measurements of the same
antigens in both methods (88). In spite of the obvious
translational potential of this novel approach, it has not yet
been applied within the melanoma field. More recently, the
GeoMx® DSP (Digital Spatial Profiling) platform has been
made commercially available (90). This platform allows protein
or RNA quantification within user-defined regions-of-interest
(ROI), with the possibility of single-cell resolution ROI selection
(The UV laser can be focused as narrow as 10 µm in diameter).
This ROI selection is achieved by combining regular, low-plex IF
staining together with dozens of primary antibodies or mRNA
hybridization probes each covalently attached to indexing
oligonucleotides that can be collected for quantification using a
UV-photo cleavable linker (91). Using this method, Dikshit and
colleagues recently transcriptionally profiled regions with high and
low Beta-catenin expression in melanoma, showing a significant
correlation with several immune-regulatory targets such as CTLA-
4 and PD-1 (49). Similarly, the method was used to show a specific
expression profile in fibrotic areas with high macrophage and T
cell infiltration in BAP-1 negative uveal melanoma, suggestive of
T-cell exhaustion other than PD-1/CTLA-4 engagement, as well as
mechanisms of immune exclusion, supporting the clinical
observation of immunotherapeutic failure in this subgroup and
the need for development of specific treatment approaches (48).
Two other studies have used DSP to characterize the tumor
expression profile of melanoma patients treated with immune
checkpoint blockade in a neoadjuvant setting, showing that
baseline immune infiltration was correlated with response to
treatment (92, 93). Although offered as an easy applicable
method, a detailed understanding of its composition, function
and chemistry is advisable to guide experimental design and data
interpretation (94).

Finally, AI will have a predominant role in the integration of
all the different data types. In the previous section we have
discussed how AI has already outperformed pathologists on
evaluating morphological features such as mitotic counts (58),
Breslow thickness (25) or at detecting lymph node metastases
(34, 35) - routine tasks that could significantly enhance the
throughput and efficiency of pathologists while ensuring
sufficient can be spent on complex cases. However, the
strongest ability of AI, and in particular deep learning, is to
identify unknown patterns or features that are too complex for
pathologists to merely assess by visual eyeballing but which could
be of important diagnostic, prognostic, or predictive relevance.
This is already true in the case of morphometric features (95).
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In the case of spatially-resolved, single-cell multi-omics data, the
feature space is still significantly larger and the number of hidden
associations that could be used as biomarkers is virtually endless.
For their translatability to clinical practice however, these
complex features require first to be re-engineered to simpler
biomarkers or simpler algorithms that identify the specific
discriminant features which might be more easily accepted by
clinicians (96).
DISCUSSION: NEXT-GENERATION
PATHOLOGY AND ITS CHALLENGES

Even though next-generation pathology is becoming gradually
more prominent and qualifies as a necessity in research, very few
of the previously discussed developments have yet been validated
for clinical use. With the increasing importance of understanding
the immune contexture and the possible development of panels
of prognostic/predictive biomarkers across multiple diseases, we
foresee that the implementation of next-generation pathology in
clinical practice will be mandatory. However, there are still a lot
of hurdles and challenges that need to be overcome before
multiplexed IHC and digital pathology will be implementable
in clinical practice.

The main difficulty of implementing multiplexed IHC is to
overcome the common thinking that it is based on the repetition
of multiple conventional IHC assays. Indeed, multiplexed IHC is
a complex process and there are various challenges that need to
be considered. The first challenge is about choosing the most
appropriate method. This choice should consider several factors.
First of all, the type of samples to be analyzed: some methods
require FFPE materials while others can be performed on frozen
samples. In a standard clinical pathology lab, FFPE remains the
method of choice to preserve tissue specimen, even though
multiple methods (mainly multi-omics) require the availability
of frozen materials. The second choice will be to related to the
actual staining procedure: this can be achieved either by (i) a
cyclic method, in which slides are stained multiple times with
low-plex antibody cocktails while between every cycle the signal
is removed via antibody stripping or bleaching of the
fluorophore; or (ii) an all-at-once acquisition, where a cocktail
containing all the antibodies of choice are applied on the tissue
section in a single step. In the first case the acquisition will be
slower, while in the second case the increased speed of
acquisition will increase technology costs. For instance, several
methods require modified/engineered/conjugated antibodies
(e.g. with nucleotide barcodes or metal ions) that are more
expensive than conventional clones typically used in routine
across clinical pathology labs. On top of this, the instruments
that are used to detect the signals are often a factor 2-3 more
expensive than conventional autostainers typically used for
classical IHC. These machines are generally closed systems that
have the advantage to be completely automated, requiring less
work by the lab technician being therefore less prone to errors.
Nevertheless, these methods may be limited to the acquisition of
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regions of interest rather than whole slides; depending on the
number of antibodies to be detected the acquisition time could
require even hours per square mm. A final parameter to consider
on the wet-lab part is the number of samples that should be
analyzed simultaneously: while some methods allow the analysis
of a single slide at the time, others are compatible with
batch processing.

The second big challenge of implementing multiplexed IHC
in hospital routine relates to data analysis. At the moment, most
of the wet-lab methods are not paired with a system to analyze
the data. Importantly, multiplexed IHC can no longer be
evaluated through mere visual inspection (as opposed to
conventional IHC where it is common practice), but requires
specific methods for quantitative, spatially resolved analysis.
Therefore, until ad hoc software packages will be introduced
for specific predictive/prognostic analyses, experts in image
analysis and bioinformaticians will remain required for the
downstream analysis. In addition, a simple panel of 10 markers
will generate 100 digital images when analyzing 10 samples, an
amount that will steadily increase when increasing numbers of
markers and samples are processed. This is where the hurdles to
implement multiplex IHC converge with those of implementing
digital pathology.

As described above, digital pathology bears the potential to
revolutionize dermatology and dermatopathology. To achieve its
implementation, though, multiple challenges have to be
overcome, and typically involve hurdles that are cultural,
involve validation, available infrastructure and GDPR-related
issues. From a cultural point of view, in spite of the advantages
listed in the first chapter of this review, pathologists still show
some reservations about the use of digital slides for diagnosis,
mainly regarding the time needed to evaluate whole digital slides
during routine work, with a preference to reserve the digital
format for teaching, second opinions and dissemination
purposes (31). Second, appropriate validation remains an
absolute requirement for any new technique that get
implemented for diagnostic purposes. Such validation does not
solely happen at the level of a company trying to sell a diagnostic
tool, but can also happen directly at a local level, for instance in a
pathology department that is willing to introduce a new
technique in its workflow. Validation itself will mainly require
side-by-side comparisons of manually and digitally interpreted
tissue slides (97). Validation is also required for deep learning
algorithms, which have the danger to be based on overfitted or
miscorrelating data from training sets. In particular, on one side
algorithms have to be strictly disease-specific and exclude any
other disease that may be encountered during analysis (e.g.,
algorithms developed for the analysis of melanoma should
recognize and revoke the analysis of any other skin tumor). On
the other side, since they are extremely dependent on their
training, it is important to be aware that if important
differences are introduced in time that may artificially change
the features of the prospectively collected diagnostic data set,
high rates of misclassification can be registered (98). Next to
these first two challenges, there are also important infrastructural
challenges to be considered that can hamper the implementation
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of digitization in a clinical institution. A standard microscopy
slide, such as the ones routinely used in pathology are typically
75 mm long, 26 mm wide, and approximately 1 mm thick. As the
resolution and color depth of digital detectors improve, the size
of images that capture these slides keeps on increasing. For a
state-of-the-art acquisition instrument with a resolution of 0.44
micrometers/px (20X) and color depth of 16 bit (~65K gray
levels), and assuming a 2-dimensional slide with standard
dimensions, single images achieve a size of ~20 Gigabytes
(Gb). Of course, depending on the size of the scanned area and
the type of image compression, whole slide images can range
between 0.5 and 4 Gb (96). This is translated to hundreds of
Terabytes per year (or even Petabytes when considering a large
hospital) that need to be properly acquired, stored, transferred,
and processed. Designing and implementing a proper
infrastructure for digital pathology that deals with all these
tasks is not trivial and key for a successful digital transition.
Regarding image acquisition, this is an easily solvable problem,
since in the 20 years since the introduction of whole-slide
imaging scanners, several of them have been marketed for
clinical use in the European Union and in the US (99, 100).
Image storage and transfer are instead critical steps and they may
require important investments on the side of the institution.
There exist different types of solutions for image storage, ranging
from local ones such as Direct Attached Storage (DAS), network-
based solutions such as Network Attached Storage (NAS), cloud-
based solutions (such as Amazon’s S3 Glacier storage for
example) or external services (regional supercomputer centers).
The last two examples require sending data to third parties which
could have GDPR issues (see below). In most cases, several of
these solutions need to be simultaneously implemented to archive
the data depending on different factors, including access
frequency (hot/interactive versus cold/archival storage) or
intended use (101). For image transfer, solutions where data is
remotely stored or/and the images are remotely analyzed, the
speed in which data is transferred (network bandwidth) becomes
a critical factor. If we consider a 10 Gb image and a standard Local
Area Network (LAN) with a bandwidth of 100Mbit/s, it will take
~15 minutes to transfer the file. Therefore it is crucial to
guarantee an environment with sufficient bandwidth prior to
taking the step to digital pathology. Finally, most of the digital
image analysis algorithms currently used in clinical practice are
limited to traditional image analysis and can be used on ordinary
computers with Central Processing Units (CPUs) (96). Deep
learning algorithms, on the other hand, are heavily dependent
on processing acceleration units such as Graphical Processing
Units (GPUs) (102). High-end GPUs are very expensive and
therefore centers implementing deep learning in digital pathology
might choose for a dedicated workstation/server or even to train/
run their algorithms in the cloud or in external supercomputer
centers. Lately, the development of Tensor Processing Units
(TPUs) are allowing the training of deep neural networks
(DNN) 15-30 times faster and 30-80 times more energy
efficient than contemporary CPUs or GPUs (103). Additional
infrastructural challenges to be considered for implementing deep
learning in digital pathology include: the number of users of the
March 2021 | Volume 11 | Article 636681
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dedicated computers, the flexibility of the system to implement
new algorithms or variable case-loads, implementation/running
cost of the facility, cyber-security, data maintenance, etc. (96). A
practical example of the implementation process of a fully digital
workflow at the University Medical Centre in Utrecht can be
found in Stathonikos et al. (104).

The last challenge for digital pathology is correlated with the
fact that digital images, as well as patient materials, are subject to
the regulation on data protection and privacy in the European
Union and the European Economic Area on the protection of
natural persons with regard to the processing of personal data
and on the free movement of such data (General Data Protection
Regulation, GDPR) (105). With respect to digital pathology, it
contains several basic principles that digital slides containing
human samples must comply with. These include: Purpose
specification, the valid legal basis for the collection of the data
including the goal for which the data is being collected (106);
anonymization or pseudo-anonymization, data is only
anonymous when it is impossible to track it to natural persons
while pseudo-anonymous data requires extra information to
map it to natural persons (107, 108); Data minimization, the
collected data should be limited to what is strictly necessary for
the scope of the project (107) transparency, the registration of the
study and the provision of the relevant information to the subject
of the study; storage limitation, the collected data should only be
kept as long as needed; and security, the stored data should be
processed and stored in such way that it avoids or limits the
potential for unlawful processing, accidental loss, destruction or
damage (107). This includes technical measures such as badge
and password-mediated access control, detailed logs monitoring
every ongoing process on the system, data encryption, etc. If the
data is stored on the cloud or in external sources, a legal contract
needs to be written between the collector and the third party
which needs to be checked by legal entities (109, 110).

To conclude, the highly requested demand for a better
understanding of the TME in melanoma and its use to further
improve the clinical response rates to immunotherapy, the fast-
Frontiers in Oncology | www.frontiersin.org 13135
moving technological advancements in machine learning and the
rise of spatial omics, have pushed dermatopathology into the
digital era. Although the use of digital pathology has already
proven to be insightful in melanoma, its exploitation to the full
potential by combining spatially resolved single-cell data with
artificial intelligence for clinical purposes, is still a rather future
perspective. However, such an approach possesses the capability
to overcome existing limitations and bring us one step closer to
personalized medicine. Nonetheless, despite the many
advantages, a lot of the imaging-based methods go along with
substantial challenges that need to be addressed before its
implementation in daily practice will be possible.
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Background: Currently there is no effective prognostic indicator for melanoma, the
deadliest skin cancer. Thus, we aimed to develop and validate a nomogram predictive
model for predicting survival of melanoma.

Methods: Four hundred forty-nine melanoma cases with RNA sequencing (RNA-seq)
data from TCGA were randomly divided into the training set I (n = 224) and validation set I
(n = 225), 210 melanoma cases with RNA-seq data from Lund cohort of Lund University
(available in GSE65904) were used as an external test set. The prognostic gene biomarker
was developed and validated based on the above three sets. The developed gene
biomarker combined with clinical characteristics was used as variables to develop and
validate a nomogram predictive model based on 379 patients with complete clinical data
from TCGA (Among 470 cases, 91 cases with missing clinical data were excluded from
the study), which were randomly divided into the training set II (n = 189) and validation set II
(n = 190). Area under the curve (AUC), concordance index (C-index), calibration curve,
and Kaplan-Meier estimate were used to assess predictive performance of the nomogram
model.

Results: Four genes, i.e., CLEC7A, CLEC10A, HAPLN3, and HCP5 comprise an
immune-related prognostic biomarker. The predictive performance of the biomarker
was validated using tROC and log-rank test in the training set I (n = 224, 5-year AUC of
0.683), validation set I (n = 225, 5-year AUC of 0.644), and test set I (n = 210, 5-year AUC
of 0.645). The biomarker was also significantly associated with improved survival in the
training set (P < 0.01), validation set (P < 0.05), and test set (P < 0.001), respectively. In
addition, a nomogram combing the four-gene biomarker and six clinical factors for
predicting survival in melanoma was developed in the training set II (n = 189), and
validated in the validation set II (n = 190), with a concordance index of 0.736 ± 0.041 and
an AUC of 0.832 ± 0.071.
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Conclusion: We developed and validated a nomogram predictive model combining a
four-gene biomarker and six clinical factors for melanoma patients, which could facilitate
risk stratification and treatment planning.
Keywords: prognostic biomarker, nomogram, microenvironment, melanoma, immune genes
INTRODUCTION

Cutaneous melanoma is the deadliest type of skin cancer (1, 2),
and its morbidity has been on the rise annually, especially in the
Caucasian population (3, 4). As melanoma is generally
recognized as a highly heterogeneous cancer (5) and
immunotherapy remains the preferred treatment for advanced
melanoma (6), immune-related biomarkers have been exploited
as prognostic signatures of melanoma (7–10). However, the
current existing immune-related prognostic biomarkers have
their limitations. For instance, some biomarkers contain a
relatively large number of genes that reduces their potential
applicability to some extent (7, 8), while for others, there is a lack
of detailed information regarding the potential mechanism and
clinical relevance (8, 9). Therefore, the identification of a
comparatively reliable and applicable prognostic biomarker for
melanoma in order to guide clinical decision-making is essential.

Considering the advancements in gene sequencing
technology, a set of gene databases, such as The Cancer
Genome Atlas (TCGA) (11, 12) and Gene Expression
Omnibus (GEO) have emerged as popular guide sources. A
series of bioinformatics tools, including weighted gene co-
expression network analysis (WGCNA) (13), cell-type
identification by estimating relative subsets of RNA transcripts
(CYBERSORT) (14), gene set enrichment analysis (GSEA) (15,
16), and least absolute shrinkage and selection operator
(LASSO), have been used to process such big data. The
strategy of using a combination of these databases and
bioinformatics tools in scientific practice is supported by the
reliability of such approaches (17–21).

To identify an immune-related prognostic biomarker and
develop a new nomogram predictive model for melanoma
patients, we analyzed the RNA sequencing (RNAseq) data and
the corresponding clinical data from TCGA and GEO databases
using bioinformatic tools. The findings would show useful
prognostic factors and a nomogram for predicting survival in
melanoma patients. Researchers, clinicians, and patients would
handily forecast the survival probability for each individual
patient using this nomogram.
MATERIALS AND METHODS

Data Acquisition
Four hundred seventy-two melanoma cases with RNA
sequencing data were download from TCGA, and 449 of them
with complete survival data were randomly divided into the
training set I (n = 224) and validation set I (n = 225) (Table S1).
Two hundred fourteen melanoma cases with RNA sequencing
2140
data and survival data were obtained from Lund cohort of Lund
University (available in GSE65904) (22, 23) and 210 of them with
complete survival data were utilized as an external test set (Table
S1). The above three sets were used to identify and validate a
prognostic gene biomarker.

Four hundred seventy melanoma cases with clinical data were
obtained from TCGA and 91 cases with missing clinical data
were excluded from the study. Of them, 379 met our inclusion
criterion that they do not contain any missing data for selected
variables including age, gender, overall survival time, survival
status, and clinical stage. The 379 cases were subsequently
randomly assigned to the training set II (n = 189) and
validation set II (n = 190) (Table S2), which were used to
develop and validate a nomogram predictive model. In
developing the nomogram, the four-gene biomarker and
clinical characteristics were used as variables.

Immune, stromal, and estimate scores of each patient were
available from the ESTIMATE database (Table S2) (24). A total
of 5,559 human immune genes were downloaded from the
InnateDB database (Table S2) (25).

WGCNA
WGCNA, a reliable and approved bioinformatics method, was
employed to identify immune-related modules. We first removed
outlier genes and genes expressed at extremely low levels from
the data. Construction of a weighted gene network involves the
choice of the soft thresholding power b to which co-expression
similarity is raised to calculate adjacency. Based on the criterion
of approximate scale-free topology, we chose 14 as the soft
threshold. Using the soft threshold, we calculated the
adjacency (co-expression similarity) and generated a
hierarchical clustering tree. The dynamic tree cut could enable
the identification of modules with very similar expression
profiles. The modules with highly co-expressed genes were
merged. Finally, we correlated modules with external traits
(herein i .e. immune score) and identified the most
relevant module.

Database for Annotation, Visualization,
and Integrated Discovery (DAVID)
Online Tool
DAVID (version 6.8) (26) is an online bioinformatics tool that
provides a comprehensive set of functional annotation tools for
interpreting the biological meaning underlying specific gene sets.
Herein, DAVID was used to perform the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway and Gene Ontology (GO)
analysis based on the genes from the most relevant module
identified using WGCNA. GO analysis can provide information
on functions of genes. KEGG pathway analysis can suggest the
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possible involved signaling pathways of a gene set. The brief
operation process is as follows. Briefly, the symbols of the genes
to be analyzed were uploaded onto the website, and Homo
sapiens is selected as the species. Next, GO-BP-DIRECT, GO-
CC-DIRECT, GO-MF-DIRECT, and KEGG PATHWAY were
selected to perform functional annotation. All other parameters
were set as default.

Identification and Validation of the
Immune-Gene Biomarker
Overlapping genes from the most relevant module from
WGCNA, immune genes from the IRIS database, and genes
from GSE65904, were then analyzed using the univariate Cox
regression analysis and least absolute shrinkage and selection
operator (LASSO) regression analysis based on the training set I.
The genes obtained from the above analysis were used for
developing a prognostic immune-gene biomarker using the
multivariate Cox regression analysis based on the training set I.

The prognostic signature can be quantified by calculating risk
scores using multivariate Cox regression model. The predictive
performance of the immune gene biomarker was assessed using
area under the curve (AUC), calibration curve, Kaplan-Meier
estimate in the training set I, validation set I, and test
set, respectively.

Differentially Expressed Tumor-Infiltrating
Immune Cell (TIICs) Analysis
TIICs between different groups were compared based on their
abundance in each melanoma sample, which was calculated
using CYBERSORT (Table S2). CYBERSORT is an in silico
algorithm that enables the precise estimation of immune cell
fractions based on RNAseq profiles of bulk samples (14). The
accuracy of CYBERSORT has been demonstrated by
immunohistochemistry and flow cytometry. Statistical
parameters used include: p-value (t-test) and log2 fold
change (logFC).

GSEA
GSEA was performed using the GSEA software (version 3.0) to
detect any differences in the KEGG pathways between the low-
risk and high-risk groups. The operating parameters were set as
follows: the number of permutations at 1,000, weighted
enrichment statistic, metric for ranking genes (Signal2Noise),
max size (500), and min size (15).

Nomogram Development and Validation
To investigate the prognostic significance of the immune-gene
biomarker in combination with common clinical characteristics,
we planned to develop a predictive nomogram combining the
immune-gene biomarker and clinical factors for melanoma
patients. First, univariate Cox regression was used to screen for
clinical characteristics that were significantly correlated with
overall survival in the training set II. Second, clinical
characteristics with a P value less than 0.05 were used to
developed a nomogram using multivariate Cox regression model.
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To validate the proposed nomogram, four criteria were
utilized to assess prediction performance in the validation set
II. First, the cases were grouped according to their predicted risk
score, and Kaplan-Meier survival curves and log rank test were
used to compare survival differences among the groups. Second,
a concordance index (C-index) was calculated to estimate the
similarity between the ranking of true survival time and of
predicted risk score. The theoretical value of the C-index is
between 0 and 1; a C-index larger than 0.5 indicates prediction
performance better than random guessing. Third, integrated
AUC was calculated. Fourth, calibration curves were plotted to
evaluate the consistency between predicted survival probability
and actual survival proportion at 4 years. A perfect prediction
would result in a 45-degree calibration curve (i.e. the
identity line).

Statistical Analyses
All statistical analysis was performed in the R Studio software
(version 3.6.1). R packages “WGCNA” (13), “Vennerable” (27),
“glmnet” (28, 29), “ggplot2” (30), “survival” (31), “survminer”
(32), “survivalROC” (33), “rms” (34), “pROC” (35), “forestplot”
(36) were used. Continuous values between the two groups were
analyzed using t-tests. Non-parametric comparison between the
two groups was performed using the Wilcoxon test. P < 0.05 was
considered statistically significant.
RESULTS

Study Protocol
The schematic diagram of the study protocol is shown in
Figure 1.

Identification and Validation of the
Immune-Related Module
To identify the immune-related module, the melanoma RNAseq
data and the corresponding immune scores for each patient were
analyzed using WGCNA. Module Black comprising 809 genes
was identified as the strongest immune-related module. From
53,898 genes, we filtered out the outlier genes and genes
expressed at extremely low levels to obtain 21,194 candidates
for WGCNA. The soft threshold was determined as 14 (Figures
2A, B). All the genes were classified into 27 modules. After
merging the highly co-expressed modules, 23 modules were
eventually obtained (Figure 2C). Among them, Module Black
was the strongest immune-related module (P = 3e-155, R = 0.89).
Intriguingly, Module Black was also significantly associated with
stromal and estimate scores in melanoma (Figure 2D).

To verify whether the selected module correlated with
immunity, 809 genes in Module Black were analyzed using
DAVID. As shown in Figures 2 (E, F), the top five relevant
pathways in both GO analysis and KEGG pathway were found to
be immune-related.
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Identification and Validation of Prognostic
Immune-Gene Biomarker
To select the qualified immune genes for developing an immune-
gene biomarker, 56 overlapping genes were obtained by
intersecting the 809 genes from Module Black (Table S2),
5,559 immune genes from the IRIS database, and 2,786 genes
from GSE65904 (Table S1). First, we randomly divided 449
melanoma patients with RNA sequencing data and complete
survival data from TCGA cohort into the training set I (n = 224)
and validation set I (n = 225) (Table S1). The selected 56 genes
were analyzed as variables using the univariate Cox regression
analysis based on the training set I. Twelve genes with a P value
less than 0.05 (HLA-DQB1, CCR5, LCP2, CLEC7A, IGSF6,
CLEC10A, HAPLN3, CEACAM4, IL4I1, LILRB1, FCGR1A, and
HCP5) were selected in the univariate Cox regression model
(Figure 3A).
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Then, the 12 genes were further screened using LASSO
regression model, and four gene of CLEC7A, CLEC10A,
HAPLN3, and HCP5 were eventually selected to develop a
four-gene biomarker using the multivariate Cox regression
model (Figures 3B, C; detailed computational process is
available in Table S3).

The proposed four-gene biomarker was validated in the
validation set I (n = 225) and an independent testing set
(GSE65904, n = 210). The 5-year AUC of the four-gene
biomarker was 0.683, 0.644 and 0.645 in the training set,
validation set and external test set, respectively (Figures 3D–
F). Next, we calculated risk score of each patient using the
multivariate Cox regression model based on the four-gene
biomarker. The survival difference between two groups, which
were grouped by the median predicted risk score, was significant
(P value < 0.05; Figures 3G–I).
FIGURE 1 | Flow chart depicting the protocol. 1 Four hundred forty-nine melanoma cases with RNA sequencing (RNA-seq) data from TCGA were randomly divided
into the training set I (n = 224) and validation set I (n = 225), 210 melanoma cases with RNA-seq data from Lund cohort of Lund University (available in GSE65904)
were used as an external test set. The above three sets were used to identify and validate a prognostic gene biomarker. 2 Based on the training set I, we identified a
four-gene biomarker from 56 IRGs using the univariate Cox regression analysis and LASSO regression analysis. 3 The predictive performance of the four-gene
biomarker was validated in the training set I, validation set I, and an external test set (GSE65904). 4 Exploration of the biomarker includes the association of the four-
gene biomarker with the patient’s survival, immune score, clinical stage, tissue pathological type, tumor-infiltrating immune cells, and KEGG pathway. 5 Four hundred
seventy melanoma cases with clinical data were obtained from TCGA and 91 cases with missing clinical data were excluded from the study. Three hundred seventy-
nine cases with complete clinical data were subsequently randomly assigned to the training group II (n = 189) and validation group II (n = 190), which were used to
develop and validate the nomogram predictive model. In developing the nomogram, the four-gene biomarker and clinical characteristics were used as variables. 6

The predictive power of nomogram combining the four-gene biomarker and clinical characteristics was assessed in the training set II and validation set II. IRGs,
immune-related genes; IDB, the InnateDB database.
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Relationship of Four-Gene Biomarker With
Clinical Factors
Since the identified four-gene biomarker manifested prognostic
relevance in patients with melanoma, we wondered if four-gene
biomarker was significantly correlated with other clinical factors
in melanoma. We found that risk score was negatively associated
with immune score in melanoma (P < 0.05), indicating that the
low-risk score was potentially attributed to activated immune
function (Figure 4A). In addition, we analyzed the relationship
between risk score and clinical stages, revealing that there was a
significant difference in the risk score between stage I and stage
II, as well as between stage II and stage III (Figure 4B). The four
genes of CLEC7A, CLEC10A,HAPLN3, andHCP5 were analyzed
using log-rank tests with TCGA data, and they all showed
significant survival significance (P < 0.05; Figures 4E–H),
implying their protective effects on melanoma.

To explore the association between risk score and TIICs, we
divided the TCGA cohort into the low-risk and high-risk groups
based on the median risk score and conducted a differentially
expressed TIIC analysis between these groups based on the TIIC
abundance in each sample. TIIC abundance in each tissue was
calculated using CYBERSORT, and the results are shown in
Supplementary Table S3. The findings revealed that M1
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macrophage, CD4+ T cells, CD8+ T cells, and natural killer
(NK) cells were the top four upregulated TIICs in the low-risk
group (Figure 4C), further underscoring activated immune
function in this group.

Consistent with the above findings, GSEA also revealed that
the top four KEGG pathways in the low-risk group were all
immune-related [cytokine-cytokine receptor interaction; cell
adhesion molecules (CAMs); systemic lupus erythematosus; the
intestinal immune network for IgA production], while the top
four pathways in the high-risk group were not immune-related
(Figures 4D, I–L; Table S4).

Development and Validation
of a Nomogram
Considering the prognostic significance of the four-gene
biomarker, we sought to combine it with nine common clinical
factors to better predict survival of melanoma patients. We first
conducted a univariate Cox regression analysis to examine the
prognostic significance of the four-gene biomarker and nine
clinical factors, including age, gender, clinical stage, breshlow
depth, clark level, tissue sample type (primary or metastatic
melanoma), cancer status (with tumor or tumor-free), immune
score, and new tumor event, based on the training set II. Personal
A B C

D E F

FIGURE 2 | Identification and validation of immune-related modules (A, B) Analysis of network topology for various soft-thresholding powers. (A) This panel shows
the scale-free fit index as a function of the soft-thresholding power. (B) This panel displays the mean connectivity as a function of the soft-thresholding power.
(C) Clustering dendrogram of genes, with dissimilarity based on topological overlap, together with assigned merged module colors and the original module colors.
Each color represents a module. (D) Module-trait association. Each row represents a module, and each column represents a trait. Each cell contains the
corresponding correlation and P value. Module Black (MEblack) is the most immune score-related (P = 3e-155, R = 0.89). (E) The top 10 categories are all immune-
related in GO enrichment analysis based on genes in Module Black, supporting genes in Module Black are indeed immune-related. (F) Most of the top 15 KEGG
pathways are also immune-related, underscoring genes of Module Black are related to immunity.
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cancer status (with tumor/tumor-free) is one of the clinical
characteristics for melanoma cases from the TCGA cohort
(Figure 5A). Herein, we defined the personal cancer status of
the tumor as cancer status. The results showed that seven factors
could be used as effective prognostic characteristics for
melanoma, including four-gene biomarker, immune score, age,
clinical stage, cancer status, breslow depth, and clark level. Thus,
the seven factors were used to developed a nomogram prognostic
model based on the training set II (n = 189) (Figure 5B).

The proposed nomogram was assessed in the validation set II
(n = 190), with a C-index of 0.736 ± 0.041 and an AUC of 0.832 ±
0.071 (Figure 5C). A calibration curve at 4 year (Figure 5D) also
showed high consistency between predicted survival probability
and actual survival proportion. The survival difference between
Frontiers in Oncology | www.frontiersin.org 6144
two groups, which were grouped by the median predicted risk
score, was significant (P < 0.05; Figures 5E, F). The predicted
risk score was calculated by adding up the score of each item
using the nomogram depicted in Figure 5B.
DISCUSSION

We developed and validated a four-gene biomarker and a
nomogram prognostic model combining a four-gene
biomarker and six clinical factors for melanoma patients. The
four genes (CLEC7A, CLEC10A, HAPLN3, and HCP5) were also
identified as meaningful anti-tumoral genes in melanoma.
Among these, CLEC7A, CLEC10A, and HAPLN3 have not yet
A

B C D E

F G H I

FIGURE 3 | Identification and validation of four-gene biomarker (A) Univariate Cox regression were used to screen for genes that were significantly correlated with
overall survival in the training set I (n = 224). Twelve genes with P value less than 0.05 were significantly associated with overall survival, as shown in the forest plot.
(B–C) LASSO regression was used to further eliminate redundant genes. The resulting four genes of CLEC7A, CLEC10A, HAPLN3, and HCP5 were used to develop
a four-gene biomarker based on multivariate Cox regression model. (B) Tuning parameter (l) selection in the LASSO model used 10-fold cross-validation via
minimum criteria. AUC was plotted versus log(l). (C) Coefficient profiles of the fractions of 12 immune-related genes. (D–F) One-, 3-, and 5-year AUC were
calculated for the prognostic four-gene biomarker, showing good predictive performance in the training set I, validation set I, and test set. (G–I) Risk scores of
melanoma cases were calculated according to multivariate Cox regression model of the four genes, and grouped into low-risk and high-risk group using median risk
score as threshold. Low-risk group has a significant longer survival compared to high-risk group, in the training set I, validation set I, and test set.
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been reported to be correlated with melanoma before.
Furthermore, we revealed that the counts of several TIILs (M1
macrophage, NK cells, CD4+ T cells, and CD8+ T cells) were
significantly elevated in the low-risk populations. In addition, the
number of activated immune pathways was higher in the low-
risk populations than that in the high-risk counterparts, which
could provide insights for future studies. All these findings may
contribute to the development of novel strategies for melanoma
treatment and may provide an opportunity to perform in-depth
research into the immune underpinning of melanoma.

One of the main findings of this study is the optimized
immune-related prognostic biomarker comprising four
immune genes (CLEC7A, CLEC10A, HAPLN3, and HCP5).
The existing prognostic biomarkers usually contained at least
10 genes (37–41), a feature that would substantially reduce their
clinical applicability. In contrast, the prognostic immune-related
Frontiers in Oncology | www.frontiersin.org 7145
biomarker identified herein comprises only four genes, and is
therefore more convenient for clinical application. Meanwhile,
the established model herein had been validated in three subsets,
i.e., training, validation, and external tests, further supporting its
extensive applicability.

Three genes, i.e., CLEC7A, CLEC10A, andHAPLN3 have been
reported to exhibit prognostic significance with respect to
melanoma for the first time, while HCP5 has been reported to
inhibit the development of cutaneous melanoma (42). CLEC7A
(also known as dectin-1) encodes for a pattern-recognition
receptor expressed by myeloid phagocytes (macrophages,
dendritic cells, and neutrophils) that can directly drive the
antimicrobial activity (43, 44). Although ClEC7A activation on
macrophages has been reported to induce the development of
pancreatic cancer and peri-tumoral immune tolerance (45), there
is no evidence regarding the relationship between CLEC7A and
A B C D

E F G H

I J K L

FIGURE 4 | Exploration of the four-gene biomarker (A–C) Risk scores of melanoma patients from TCGA cohort were calculated according to the four-gene
biomarker, and the association of risk scores with common clinical characteristics were investigated. (A) Risk score was negatively correlated with immune score,
consistent with low-risk patients who had a prolonged survival in melanoma. (B) There was a marked difference in risk score between stage I and stage II, as well as
between stage II and stage III, implying qualitative change occurred after stage II. (C) The numbers of M1 macrophage, NK, CD4+, and CD8+ T cells were critically
elevated in the low-risk group (the blue dot indicates TIICs whose counts are increased in the low-risk group, while the yellow dot indicates TIICs whose counts are
increased in the high-risk group). (D) KEGG pathway analysis by GSEA displayed significantly differentially enriched pathways between the low-risk and high-risk
groups. Each blue dot represents a significantly enriched pathway in the low-risk group, while yellow dot represents that in the high-risk group. (E–H) Four genes,
CLEC7A, CLEC10A, HAPLN3, and HCP5, had a significant relevance with respect to survival; this is indicative of their anti-tumoral roles in melanoma. (I–L) The top
four pathways in the low-risk group were all immune-related, indicating more active immune function in low-risk group compared to in the high-risk group.
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A

B

C D E F

FIGURE 5 | Development and validation of a predictive nomogram for predicting survival probability. (A, B) Development of a predictive nomogram combing the four-gene
biomarker and clinical factors in melanoma based on the training set II. (A) Univariate Cox regression were used to screen for clinical factors that were significantly correlated
with overall survival in the training set II (n = 189), as shown in the forest plot. Seven factors including the four-gene biomarker were significantly associated with overall survival.
(B) A nomogram combing the four-gene biomarker and clinical factors for predicting 3- and 5-year overall survival for melanoma patients. Cancer status represents personal
cancer status (with tumor/tumor-free), which is one of the clinical characteristics for melanoma patients. (C–F) Four criteria were utilized to assess the predictive performance in
the training set II and validation set II. (C) AUC and C-index were calculated for the nomogram prognostic models in the training set (n = 189) and validation set (n = 190).
AUC of the nomogram was 0.862 ± 0.062 and 0.832 ± 0.071, and C-index was 0.853 ± 0.024 and 0.736 ± 0.041, in the training group and validation group, respectively.
(D) Calibration curves of nomograms in training set and validation set. X-axis represents predicted probability and Y-axis represents true probability. Each point in the plot
represents a subgroup of patients. Error bars represent 95% confidence intervals. 45° represents perfect prediction, and the actual performances of our nomogram are very
well. (E, F) The resulting nomogram prognostic model was utilized to calculate risk score of cases in the training set and validation set. Low risk score subgroup had a
significantly improved survival compared to high risk score (grouped according to median risk score value), in training set and validation set. The findings support the predictive
power of the proposed nomogram.
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melanoma. We revealed that elevated expression of CLEC7A
could result in enhanced anti-tumoral immunity and may be
correlated with prolonged survival in melanoma. CLEC7A could
function via NK cells and M1 macrophages to suppress
metastasis (46), consistent with the increase in the population
of NK cells and M1 macrophages in the low-risk group in our
study. However, the precise underlying mechanism remains
largely unknown. CLEC10A was reported to play an important
role in immune cell maturation and CLEC10A expression is
known to correlate with improved survival in breast and ovarian
cancers (47–49). Furthermore, CLEC10A could suppress HDM-
induced Toll-like receptor 4 (TLR4)-mediated inflammatory
cytokine production in mice to maintain homeostasis against
inflammation. Our results demonstrate that high CLEC10A
expression was associated with improved melanoma survival
and immune scores, indicating its potential role in anti-tumoral
immunity. Meanwhile, over-modulated expression of HAPLN3
was suggested to relate with the initiation of breast cancer (50);
however, its function in melanoma is presently unclear. The role
of the long non-coding RNA (lncRNA) HCP5 in cancer remains
controversial. Some reports suggest that HCP5 could induce
tumor progression in cases of follicular thyroid carcinoma and
lung adenocarcinoma (51–53), while others claim that HCP5
may suppress the development of cutaneous melanoma by
modulating RARRES3 expression by sponging miR-12 (42).
Consistent with previous studies, we observed an association
between upregulated HCP5 expression and improved survival in
melanoma and that HCP5 might boost the anti-tumoral
immunity. Nevertheless, further in vitro and in vivo
investigations are warranted to study the role of these four
pivotal genes in melanoma and their precise mechanisms
of action.

Our study demonstrates that the risk score was significantly
associated with the immune score and tumor-infiltrating
immune cell abundance, thereby supporting the importance of
immune function in melanoma. M1 macrophages are associated
with improved prognostic outcomes in melanoma (54–57). NK
cells were confirmed to induce macrophage polarization toward
the M1 phenotype and suppress tumor growth (58). Similarly, we
observed higher immune scores and high abundance of M1
macrophage, CD4+, CD8+, and NK cells in the low-risk
population. Further, we revealed the proportion of melanoma-
infi ltrating immune cells and their association with
melanoma prognosis.

Another important finding is the activation of several
immune pathways in the low-risk group and its correlation
with prolonged survival in melanoma. Cytokine-cytokine
receptor interaction pathway was the most significant in the
low-risk group; this pathway plays an important role in recovery
after infection with the respiratory syncytial virus as well as in
colorectal cancer, renal cell carcinoma, and esophageal cancer
(59–62).

This study has important implications for the treatment as
well as prognosis of melanoma. First, our study provides a new
prognostic biomarker and a new nomogram that could aid
clinical treatment strategies for melanoma. Second, we revealed
Frontiers in Oncology | www.frontiersin.org 9147
several critical immune genes, cells, and pathways that could
serve as promising therapeutic targets in melanoma.

This study has a few limitations that warrant further research.
First, as the four immune genes exhibit critical significance in
melanoma prognoses, further in vitro and in vivo studies are
required to explore their physiological mechanisms of actions. In
addition, M1 macrophage, NK, CD8+, and CD4+ T cells are
indicated to benefit the survival of melanoma patients,
warranting further investigation regarding the precise
underlying mechanism. Third, the performance of the four-
gene biomarker and similar prediction models was not
statistically compared. To clarify this, we searched the PubMed
database and observed that the prognostic power of the
established model is still acceptable and stable as compared
with that of previously established models. The 5-year AUC
values of tROC for the present biomarker in training, validation,
and testing sets were 0.683, 0.644, and 0.645, respectively, while
those of the other models were 0.723, 0.560, and 0.682 (63);
0.648, 0.544, and 0.755 (64); and 0.68,0.65, and 0.63 (65),
respectively. However, the nomogram prognostic model
combing clinical factors showed a better prediction power,
with an AUC value of 0.862 in the training group and 0.832 in
the validation set, respectively. The drawback is that the
nomogram model was not assessed in an external test set for
lacking a data set with some routinely available clinical data
including breslow depth, clark level, clinical stage, and
survival information.

In conclusion, we successfully constructed and validated a
four-gene biomarker and a nomogram prognostic model by
investigating data from TCGA and GEO databases using
bioinformatic tools. Our study also revealed several favorable
relevant immune genes, cells, and pathways in melanoma that
could serve as potential therapeutic targets. These findings
provide the rationale for further investigation and would aid
clinical decision-making in melanoma immunotherapy.
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The toxicity spectrum between Chinese and Caucasian patients with melanoma who

were treated with BRAF inhibitors (BRAFi) may differ. The purpose of the present

study was to assess the safety and tolerability of BRAFi and BRAFi-based combination

therapies [MEK inhibitors (MEKi) or anti-programmed death-1 (PD-1) antibody] in

Chinese patients with BRAF V600E/K mutation-positive metastatic melanoma. We

also investigated whether treatment-related adverse events (AEs) correlated with

the prognosis. This retrospective study collected data from 43 patients with BRAF

V600E/K mutation-positive metastatic melanoma from a single Chinese cancer center.

Of the 43 patients, 12 patients received BRAFi monotherapy, 12 patients received

BRAFi+MEKi, and 19 patients received BRAFi combined with the anti-PD-1 antibody.

The median follow-up time was 19 months. In the BRAFi group, the most common

AEs were rashes, palmoplantar erythrodysesthesia, and arthralgia. Four out of 12

(30%) patients experienced grade 3–4 treatment-related AEs. All grades of AEs in

the BRAFi+MEKi group were similar to the BRAFi group, except for higher pyrexia

(58.3%) and fewer cutaneous AEs. Three out of 12 (25%) patients experienced grade

3–4 AEs, especially pyrexia (16.7%). In the BRAFi+anti-PD-1 antibody group, AEs

were similar to the BRAFi group, except for an increased aminotransferase level

(36.8%), increased bilirubin (31.6%), and hypothyroidism (15.8%). Eleven out of 19

(57.9%) patients experienced grade 3–4 AEs and four out of 19 (21%) patients

discontinued the therapy due to AEs. Treatment-related hepatotoxicity (trHE), defined

as an increase in either alanine aminotransferase (ALT), aspartate transaminase (AST),

or bilirubin levels, was the only AE identified as a significant poor-prognosis indicator

in this study. The median progression-free survival of patients with trHE (41.9%) was

8 months, whereas it was 18 months for those without trHE [p = 0.046, hazard

ratio (HR) = 2.116]. Moreover, this association was independent of medication

regimens (p = 0.014, HR = 2.971). The overall response rate of patients with

trHE was significantly lower than those without trHE (44.4 vs. 60.0%, p = 0.024),

and we observed a similar trend in patients treated with BRAFi, BRAFi+MEKi,

and BRAFi+anti-PD-1 antibody. In conclusion, BRAFi and BRAFi-based combination
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therapies were tolerable with reversible AEs in Chinese patients with melanoma. The

trHE in patients receiving BRAFi and BRAFi-based regimens might indicate a poor

therapy-related prognosis.

Keywords: BRAFV600E/K-positive, advanced melanoma, BRAF inhibitor, BRAF inhibitor-based combination,

China

INTRODUCTION

Melanoma is one of the most deadly diseases in China, with
an estimated 5-year overall survival (OS) of merely 4.6%
(1). BRAF(V600E/K) mutation, a component of the mitogen-
activated protein kinase (MAPK) pathway, is regarded as a
significant oncogene in melanoma. The overall response rate
(ORR) of BRAF inhibitor monotherapy has been reported to
be as high as 36–53% from clinical trials in Caucasian patients,
with a median duration of response of merely 6–8 months
(2–4). At present, patients with BRAF V600-mutant metastatic
melanoma are recommended for combination treatment with
BRAF inhibitors (BRAFi) and MEK inhibitors (MEKi), such
as dabrafenib+trametinib (D+T), vemurafenib+cobimetinib
(V+C), and encorafenib+binimetinib (E+B), because the
combination can block the negative feedback loops for the
activation of the MAPK pathway and delay the development of
drug resistance (5–7).

Clinical characteristics, such as pathology, anatomical origin,
and prognoses, differ significantly among different ethnic groups
(8). The incidence of cutaneous melanoma is lower in Asian
patients than in Caucasians (50–70% vs. 91.2%) (9, 10). Acral
cutaneous melanoma has a higher incidence, accounting for
up to 58% of all cutaneous melanomas in Asians, compared
to Caucasians (1–7%) (11). Furthermore, Guo et al. reported
that BRAF mutations in Chinese patients with melanoma were
more frequent in non-acral cutaneous melanoma (43.3%) than in
acral cutaneous melanoma; however, the frequencies reported by
Maldona and Cohe in Caucasian non-acral cutaneous melanoma
(60%) were still higher (12–14). Only one small study (n =

46) reported the toxicity spectrum of vemurafenib in Chinese
patients with melanoma. By comparing data from this study
with those from the pivotal BRIM-3 study (15), we found that
the toxicity spectrum between Chinese and Caucasian patients
with melanoma treated with vemurafenib was different. Chinese
patients had a higher incidence of higher blood cholesterol
levels (59 vs. <1%), hypertriglyceridemia (22 vs. <1%), total bile
acid increase (22 vs. 0%), hyperuricemia (17 vs. <1%), serum
bilirubin level increase (54 vs. 9%), leukopenia (22 vs. 0%),
proteinuria (24 vs. <1%), and melanocytic nevus (52 vs. 10%).
These differences may impact the completion of treatment. For
example, an AE of grade 3, corresponding to an increase in
serum cholesterol levels, led to an interruption in the treatment of
Chinese patients with melanoma (15, 16). In addition, the safety
and tolerability of the BRAFi+MEKi combination in Chinese
patients with melanoma have not been reported. Therefore, the
available data regarding the tolerability and safety of BRAFi and
BRAFi+MEKi in Chinese patients are significant, especially from
a real-world experience.

Recently, the combination of targeted therapy with
immunotherapy was proposed to improve the long-term
outcomes of patients. A preclinical study showed that
BRAF/MEK-targeted therapies had effects, such as enhancing
intratumor T-cell infiltration, increasing tumor antigens, and
increasing the expression of programmed death-1 (PD-L1),
on the tumor microenvironment, which supported their
combination with PD-1/PD-L1 inhibitors (17–19). Ascierto
et al. performed a randomized phase 2 trial enrolling 60
Caucasian patients with BRAF V600-mutant metastatic
melanoma who were treated with a triple-combination therapy,
including dabrafenib, trametinib, and pembrolizumab. Although
progression-free survival (PFS) of the triple-combination was
promising, grade 3–5 adverse events (AEs) occurred in 58.3%
of patients and led to treatment discontinuation in 25 patients
(41.7%) (20). A similar phenomenon could be observed in two
other triple-treatment combinations (21, 22). However, the
clinical experience relative to the tolerance of BRAFi, combined
with immune-checkpoint inhibitors (ICIs), is still lacking in
Chinese patients.

Thus, the purpose of this study was to analyze the safety
and tolerability of BRAFi and BRAFi-based combination therapy
(MEKi or anti-PD-1 antibody) in Chinese patients with BRAF
V600E/K mutation-positive metastatic melanoma. Furthermore,
we also investigated which treatment-related AE could represent
as a predictor of efficacy.

MATERIALS AND METHODS

Patients
A retrospective study of 43 previously treated or untreated
advanced melanoma patients attending the Sun Yat-sen
University Cancer Center between May 2015 and March 2020
was carried out. All data were extracted from the database
containing electronic medical records of the institution. Patients
were diagnosed with biopsy-confirmed advanced melanoma,
and molecular profiling confirmed the presence of the BRAF
V600E/K mutation. Only patients with a BRAF mutation who
were treated with BRAFi (vemurafenib 960mg, orally twice
daily), BRAFi+MEKi [dabrafenib (D) 300mg orally twice daily;
trametinib (T) 2mg orally once daily], or BRAFi+anti-PD-1
antibody [vemurafenib 960mg orally twice daily, for 4–6 weeks,
combined with pembrolizumab (2 mg/kg, every 3 weeks)
once the disease was controlled) were eligible for analysis.
Demographic, clinical, and survival data were retrieved from the
medical records. All patients who accepted systemic therapy had
a performance status of 0–2.
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Data Collection and Analysis
The following baseline characteristics were recorded for
each patient: age, sex, Eastern Cooperative Oncology Group
performance status (PS), disease stage (AJCC 8th edition), the
number of disease sites, lactate dehydrogenase (LDH) levels, and
the therapeutic regimen. AEs caused by the therapy were defined
and graded according to the Common Terminology Criteria for
Adverse Events, version 4.

Only BRAF V600E/K mutated patients receiving BRAFi,
BRAFi+MEKi, or vemurafenib+pembrolizumab were enrolled
in this study. The clinical data of all patients enrolled in this
study were retrospectively analyzed. Efficacy included the ORR
according to RECIST v1.1 criteria and was confirmed by repeat
assessment at least 4 weeks after the criteria were first met. Tumor
assessments [computed tomography (CT) or magnetic resonance
imaging (MRI)] were obtained at screening, after 8–12 weeks
(or as clinically indicated), until documented disease progression.
PFS was estimated using Kaplan-Meier Statistical analysis. Safety
assessments consisted of monitoring and recording of AEs. AEs
were graded according to National Cancer Institute Common
Terminology Criteria for Adverse Events, version 4.0.

Statistical Analysis
Analysis of the correlation between AEs and PFS was performed.
The median follow-up time was analyzed by the Reverse Kaplan-
Meier method. Single continuous variables and categorical
variables were examined with the Student’s t-test and the
chi-square tests, respectively. The multivariate Cox regression
analysis was used to compare the PFS between patients who
developed trHE and those who did not, and the analysis was
adjusted for the baseline LDH level, medical regimens, and
liver metastases. Statistical analyses were performed using the
statistical packages SPSS (SPSS for Windows, version 22.0, SPSS
Inc., Chicago, IL). All tests were two-tailed. Statistical significance
was determined by a p-value < 0.05.

RESULTS

Cohort Characteristics
In this study, 43 metastatic melanoma patients were eligible
for analysis. Patients were treated with BRAFi (n = 12),
BRAFi+MEKi (n = 12), and BRAFi+anti-PD-1 antibody (n =

19) as follows: vemurafenib (n= 12), D+T (n= 11) and V+C (n
= 1), and vemurafenib+anti-PD-1 antibody (pembrolizumab) (n
= 19). All patients had either a BRAF V600Emutation or a BRAF
V600K mutation.

Baseline demographics and disease characteristics are shown
in Table 1. Although baseline characteristics of the three groups
were essentially the same, patients treated with vemurafenib
combined with the anti-PD-1 antibody presented the best
baseline values, including the lines of therapy, disease sites,
and the LDH level. Most patients started the three regimens
in this study as first or second-line (85.9%) therapy, and over
half (57.9%) of the patients were treated with BRAFi+anti-PD-1
antibody as the first-line therapy. All patients had normal blood
levels of aminotransferases [alanine aminotransferase (ALT) and
aspartate transaminase (AST)] and bilirubin before treatment;

however, 17 patients experienced hepatic metastasis and one
patient was identified as positive for hepatitis B-antigen.

Toxicity Profile of the Three Regimens
The total median follow-up time was 19 months (range, 11–26
months). At the time of data cutoff, 13 patients (30%) continued
treatment and 30 patients (70%) had discontinued treatment
because of disease progression (BRAFi, n= 12; BRAFi+MEKi, n
= 8; BRAFi+Anti-PD-1 antibody, n = 6) or AEs (BRAFi+Anti-
PD-1 antibody, n = 4). Almost all patients in the three groups
experienced at least one AE (Table 2). Grade 3 or 4 treatment-
related AEs were reported in four of 12 (33%), three of 12 (25%),
and 11 of 19 (57.9%) patients in the vemurafenib, BRAFi+MEKi,
and vemurafenib+anti-PD-1 antibody groups, respectively.

Similar to the pivotal clinical trials in Caucasian patients
(5, 23) compared with the vemurafenib group, the frequencies
of cutaneous toxicity [rash (66.7 vs. 83.3%), palmoplantar
erythrodysesthesia (16.7 vs. 83.3%), keratoacanthoma (0 vs.
16.7%)], and arthralgia (33.3 vs. 58.3%) were lower in patients
in the BRAFi group combined with the MEKi group. This mainly
resulted from paradoxical activation of the MAPK pathway due
to BRAFi monotherapy (24, 25). Meanwhile, photosensitivity
(25.0 vs. 0%) was more common in the vemurafenib group,
which is commonly described in patients using vemurafenib (5),
and did not occur with dabrafenib or trametinib treatment (26).
MEKi-specific AEs included serious pyrexia (16.7%), which was
more common in the BRAFi+MEKi group. In both BRAFi and
BRAFi+MEKi groups, the most common grade≥3 AEs included
rash, pruritus, arthralgia, and increased aminotransferase levels,
except for pyrexia (16.7 vs. 0%), which was similar in both groups.
In the BRAFi group, four patients (33.3%) modified the dose of
vemurafenib to 720mg twice daily due to grade 3 AEs [arthralgia,
n = 2; rash, n = 1; increased aminotransferase levels (ALT
and AST), n = 1]. None of the patients discontinued therapy
due to AEs. In the BRAFi+MEKi group, no AEs leading to
dose modification or treatment discontinuation were reported
becausemost treatment-related AEs were of grades 1–2 and could
be alleviated with medications (antiallergic drugs, steroids, or
hepatoprotective drugs). Only one patient experienced a grade
3 AE involving increased levels of both ALT and AST and
interrupted D+T. The patient received appropriate treatment
with hepatoprotective drugs to restore ALT and AST levels
(Supplementary Table 1).

In the vemurafenib+anti-PD-1 antibody group, grade 3–4
AEs (57.9%) included rash (36.8%), arthralgia (21.1%), pruritus
(15.8%), palmoplantar erythrodysesthesia (10.5%), and myalgia
(3.8%). These AEs usually were more severe after the addition
of an anti-PD-1 antibody. Eight patients experienced grade
3 rash or palmoplantar erythrodysesthesia, which occurred
before the addition of anti-PD-1 antibody in one patient and
which occurred after the addition of anti-PD-1 antibody in the
other seven patients. Musculoskeletal AEs occurred frequently,
especially arthralgia (62.8%), which worsened with continued
treatment, but could be alleviated by lowering the dose of BRAFi.
Pneumonitis was reported in one patient but no action was taken.
Signs of altered imaging on CT scans disappeared after 2 weeks.
Hypothyroidism and hyperthyroidism were reported in three
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TABLE 1 | Clinical characteristics of the study population (n = 43).

BRAFi BRAFi+MEKi BRAFi+PD-1

antibody

Total

N = 12 N = 12 N = 19 N = 43

Sex—no. (%)

Male 5 (41.7) 6 (50.0) 13 (68.4) 24 (55.8)

Female 7 (58.3) 6 (50.0) 6 (31.6) 19 (44.2)

Median (range) age—years 52 (29–55) 44 (27–63) 49 (33–67) 47 (27–67)

Performance status—no.

(%)

0 1 (8.3) 9 (75.0) 13 (68.4) 23 (53.5)

1 10 (83.3) 2 (16.7) 6 (31.6) 18 (41.9)

2 1 (8.3) 1 (8.3) 0 2 (4.6)

LDH—no. (%)

<ULN 7 (58.3) 9 14 (73.7) 32 (74.4)

>ULN 5 (41.7) 3 (25.0) 5 (26.3) 11 (25.6)

Disease stage

(AJCC#7)—no. (%)

M1a 2 (16.7) 3 (25.0) 9 (47.4) 14 (32.6)

M1b 3 (25.0) 4 (33.3) 5 (26.3) 12 (27.9)

M1c 6 (50.0) 4 (33.3) 2 (10.5) 12 (27.9)

M1d 1 (8.3) 1 (8.3) 3 (15.8) 5 (11.6)

Disease site—no. (%)

≤3 4 (33.3) 7 (58.3) 12 (63.2) 23 (53.5)

>3 8 (66.7) 5 (41.7) 7 (36.8) 20 (46.5)

Brain metastases—no. (%)

Yes 1 (8.3) 1 (8.3) 3 (15.8) 5 (11.7)

No 11 (91.7) 11 (91.7) 16 (84.2) 38 (88.3)

Regime—no. (%)

Vemurafenib 12 (100.0) - - 12 (27.9)

Dabrafenib+trametinib - 11 (91.7) - 11 (25.6)

Vemurafenib+cobimetinib - 1 (8.3) - 1 (2.3)

Vemurafenib+pembrolizumab - - 19 (100) 19 (44.2)

Basic liver function—no.

(%)

Liver metastasis 6 (50.0) 5 (41.7) 5 (26.3) 16 (37.2)

Hepatitis B-antigen–positive. 0 0 1 (5.3) 1 (2.3)

Normal 6 (50.0) 7 (58.3) 13 (68.4) 26 (60.5)

Line of therapy—no. (%)

1 4 (33.3) 4 (33.3) 11 (57.9) 19 (44.2)

2 6 (50.0) 6 (50.0) 7 (36.8) 19 (44.2)

3 2 (16.7) 1 (8.3) 1 (5.3) 4 (9.3)

4 0 1 (8.3) 0 1 (2.3)

LDH, lactate dehydrogenase; ULN, upper normal limit; BRAFi, BRAF inhibitor; MEKi, MEK inhibitor.

patients and one patient, respectively. Both events were treated
with endocrine therapy and those patients ultimately continued
with the regimen (vemurafenib+anti-PD-1 antibody). Eighteen
patients (94.7%) modified the dose of vemurafenib. Of these,
four patients (21.1%) were still unable to tolerate AEs (grade 3
of fatigue: n = 1; iritis: n = 1; grade 3 rash: n = 2) and had
finally discontinued the combined regimen. Two patients (10.5%)
required a dose reduction of vemurafenib both before (decreased
960–720mg twice daily) and after (720mg decreased to 480mg

twice daily) the addition of anti-PD-1 antibody. Before the
addition of the anti-PD-1 antibody, five patients (26.3%) required
a reduction in the dose of vemurafenib to 480mg two times daily
due to AEs. The remaining 11 patients (57.9%) reduced the dose
of vemurafenib after the addition of anti-PD-1 antibody, and
four of these 11 patients eventually discontinued the combined
therapy. Ten patients modified the vemurafenib dosage to 480mg
two times daily, two patients modified their dosage to 720mg two
times daily, and two patients modified vemurafenib treatment to
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TABLE 2 | Adverse events of three regimes.

N (%) BRAFi BRAFi+MEKi BRAFi+PD-1 antibody

N = 12 N = 12 N = 19

Grade Any* III-IV Any* III-IV Any* III-IV

Any adverse event 12 (100) 4 (33.3) 12 (100) 3 (25.0) 19 (100) 11 (57.9)

Dermatological events

Rash 10 (83.3) 2 (16.7) 8 (66.7) 1 (8.3) 16 (84.2) 7 (36.8)

Palmo–plantar

erythrodysesthesia

10 (83.3) 0 2 (16.7) 0 8 (42.1) 2 (10.5)

Alopecia 7 (58.3) 0 0 0 6 (31.6) 0

Pruritus 6 (50.0) 2 (16.7) 6 (50.0) 1 (8.3) 12 (63.2) 3 (15.8)

Photosensitivity reaction 3 (25.0) 0 0 0 6 (31.6) 0

Keratocanthoma 2 (16.7) 0 0 0 8 (42.1) 0

Musculoskeletal events

Arthralgia 7 (58.3) 2 (16.7) 4 (33.3) 1 (8.3) 16 (84.2) 4 (21.1)

Myalgia 5 (41.7) 0 3 (23.1) 0 14 (53.8) 1 (3.8)

Gastrointestinal events

Diarrhea 3 (25.0) 0 1 (8.3) 0 4 (21.1) 0

Nausea 3 (25.0) 0 3 (25.0) 0 3 (15.8) 0

Vomiting 3 (25.0) 0 2 (16.7) 0 3 (15.8) 0

General disorders

Fatigue 4 (33.3) 0 3 (25.0) 0 9 (47.4) 0

Pyrexia 2 (16.7) 0 7 (58.3) 2 (16.7) 4 (21.1) 1 (5.3)

Headache 1 (8.3) 0 2 (16.7) 0 3 (15.8) 0

Dizziness 1 (8.3) 0 2 (16.7) 0 3 (15.8) 0

Investigations/laboratory

examinations

Increased alanine

aminotransferase level

3 (25.0) 1 (8.3) 4 (33.3) 1 (8.3) 7 (36.8) 0

Increased aspartate

aminotransferase level

1 (8.3) 1 (8.3) 3 (25.0) 1 (8.3) 4 (21.1) 0

Increased bilirubin 0 0 0 0 6 (31.6) 0

Increased blood creatinine 1 (8.3) 0 3 (25.0) 0 4 (21.1) 0

Hyperglycemia 3 (25.0) 0 6 (50.0) 0 5 (26.3) 0

Pulmonary events

Cough 0 0 2 (16.7) 0 1 (5.3) 0

Pneumonia 0 0 0 0 1 (5.3) 0

Endocrine dyscrasia

Hypothyroidism 0 0 0 0 3 (15.8) 0

Hyperthyroidism 0 0 0 0 1 (5.3) 0

Any*, any grade; AE, adverse event; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CTC, common toxicity criteria; BRAFi, BRAF inhibitor; MEKi, MEK inhibitor.

240mg two times daily. Ten patients required a dose reduction
of vemurafenib due to rash or arthralgia. We observed that
two patients who received a dose reduction of vemurafenib to
240mg achieved a complete response (CR) and stable disease
(SD), respectively, and both CR and SD were maintained up
to the last follow-up, which indicated that the combination of
low-dose vemurafenib and anti-PD-1 antibody could also benefit
patients. There was no significant difference in the ORR between
the three groups with different doses of vemurafenib (ORR:
100% of 720mg; 70% of 420mg; 50% of 240mg). However, it
is possible that no significant differences were observed due to
sample size limitations.

We defined trHE as the increase of either ALT, AST, or
bilirubin in this study. Treatment with hepatoprotective drugs
(e.g., polyene phosphatidylcholine, compound glycyrrhizin,
and reduced glutathione) could decrease the aminotransferase
levels and reduce the bilirubin levels (e.g., ademetionine 1,4-
butanedisulfonate). All patients with trHE only presented
laboratory abnormalities and had no clinical symptoms. Overall,
18 patients (41.9%) developed trHE (Supplementary Table 1).
In the BRAFi group, trHE was reported in three patients and
one patient experienced a grade 3 increase in both ALT and
AST levels. In the BRAFi+MEKi group, trHE was reported in
four patients and one patient experienced grade 3 increase of
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both ALT and AST levels. Increased bilirubin was not reported
in either the BRAFi or BRAFi+MEKi groups. Two patients
developed grade 3 trHE (elevatedAST andALT levels), whichwas
successfully resolved by interruption of therapy and treatment
with hepatoprotective drugs; the patients subsequently continued
their therapy without any trHE relapse. In the BRAFi+anti-PD-
1 antibody group, four patients (21.1%) experienced a grade 1
increase in bilirubin levels 1 month after the addition of the
anti-PD-1 antibody. However, the levels returned to normal after
∼4 weeks following treatment with ademetionine and polyene
phosphatidylcholine. Five patients (26.3%) developed an increase
either of ALT or AST levels within 4 weeks after the addition of
the anti-PD-1 antibody, which resolved after 0.5–4 weeks with
hepatoprotective drugs (n = 4) or recovered spontaneously (n
= 1). Similarly, the two remaining patients (10.5%) showed a
concomitant increase of bilirubin and aminotransferases (ALT
and AST) 3 weeks after the addition of the anti-PD-1 antibody to
the treatment, although they resumed the regime after treatment
with hepatoprotective drugs.

In this study, four of 43 patients received a third-
line therapy (BRAFi: n = 2, BRAFi+MEKi: n = 1,
vemurafenib+pembrolizumab: n = 1), and only one patient
(BRAFi+MEKi) received a fourth-line treatment. Nineteen
of 43 patients received a second-line therapy (BRAFi: n = 6,
BRAFi+MEKi: n = 6, vemurafenib+pembrolizumab: n = 7)
(Table 1). For patients receiving a second-line treatment or
more, their primary therapies included only chemotherapy,
such as taxinol combined with cis-platinum complexes (DDP),
dacarbazine (DTIC) combined with DDP, or temozolomide
(TMZ) combined with paraplatin. The common clinical AEs
associated with these chemotherapeutic drugs included short-
term toxicity, which were relieved before the start of this study.
Similarly, the efficacy of these chemotherapeutic agents could
be observed in short term (2–3 months), which is in contrast to
similar delayed effects observed with ICIs.

AEs and Clinical Response Analysis
After 22 AEs were screened by the Kaplan-Meier survival
analysis, only trHE showed a significant correlation with PFS.
Univariate analyses revealed that PS, LDH level, liver metastases,
treatment regimens, as well as trHE, were significant prognostic
indicators for PFS (Table 3). The results of the multivariate
analysis indicated that TrHE retained its significance as a
predictive factor, whereas PS, LDH levels, liver metastases, and
treatment regimens provided no significant prognostic value for
PFS (Table 4). The median PFS of patients with trHE was 8
months compared with 18 months for the remaining patients
[p = 0.046, hazard ratio (HR) = 2.116, Cox regression analysis;
Figure 1A]. Moreover, this association was independent of the
baseline LDH level, medication regimens, PS, or the presence of
liver metastases (p= 0.014, HR= 2.971, Cox regression analysis;
Figure 1B). The ORR of patients with trHE was significantly
lower than in those without trHE (44.4 vs. 60.0%, p= 0.024), and
we observed a similar trend in patients treated with BRAFi (33.3
vs. 44.4%, p = 0.110), BRAFi+MEKi (50 vs. 75%, p < 0.001),
and BRAFi+anti-PD-1 antibody (45.5 vs. 62.5%, p = 0.016)
(Table 5). In the BRAFi group, 0/3 (0%) patients experienced

TABLE 3 | Univariate analyses of prognostic factors for PFS in patients with

malignant melanoma.

Characteristics mPFS (month) Univariate analyses (P-value)

Age 0.768

≤45 years 12

>45 years 9

Gender 0.627

Men 11

Female 12

Performance status 0.001

0 25

1 6

2 4

LDH 0.002

≤ULN 14

>ULN 5

Disease sites 0.308

≤3 14

>3 6

Liver metastases 0.024

Yes 5

No 14

CNS metastases 0.107

Yes 5

No 12

Regimen 0.016

BRAFi 5

BRAFi+MEKi 12

BRAFi+anti-PD-1 antibody Not reach

TrHE 0.046

Yes 8

No 18

LDH, lactate dehydrogenase; BRAFi, BRAF inhibitor; MEKi, MEK inhibitor; trHE,

treatment-related hepatotoxicity defined as the increase of either ALT, AST or blood

bilirubin levels.

trHE and achieved a CR to therapy, 1/3 (33.3%) achieved a
partial response (PR), and 2/3 (66.7%) had SD as per RECIST
v1.1 criteria. In the BRAFi+MEKi group, 1/4 (25%) with trHE
achieved a CR, 1/4 (25%) achieved a PR, and 2/4 (50%) had SD.
In the group treated with BRAFi+anti-PD-1 antibody, patients
developing trHE achieved lower CR than those without trHE
(18.1 vs. 50.0%, p < 0.001). The PFS of all patients in the two
groups, with or without treatment-related hepatotoxicity, are
shown in Figure 2. According to Supplementary Table 2, there
were no statistically significant differences in age, initial LDH
level, number of diseases, receiving first-line treatment or not,
or the presence of liver metastasis between patients experiencing
hepatotoxicity and those without hepatotoxicity.

DISCUSSION

Targeted therapy with MAPKi regimens has dramatically
changed the landscape of treatment of BRAF-mutant metastatic
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melanoma. Currently, the combination of MAPKi and ICIs may
be a potentially effective approach to treat malignant melanoma.
However, the toxicity spectrum of these therapies in different
ethnic groups may be variable and will impact the treatment
efficacy. Therefore, a description of the real-world experience
regarding the tolerability and safety of BRAFi and BRAFi-based
combinations in Chinese patients is significant.

In this study, patients receiving BRAFi monotherapy
(vemurafenib) generally developed a similar pattern of AEs
compared with Caucasian patients, and the occurrence of
AEs appeared to be proportional to the dose of the drug
(27). Compared with a study of vemurafenib treatment in
3,219 Caucasian patients, the Chinese patients in this study
experienced higher incidence of aminotransferase level increase
(25 vs. 0%) and hyperglycemia (25 vs. 0%). The most common
grade 3 or higher AEs were keratoacanthoma (8%) and squamous
cell cancer (cuSCC) of the skin (8%) in 3,219 Caucasian patients,
which differed from this study (2). In the present study, arthralgia

TABLE 4 | Multivariate analyses of prognostic factors for PFS.

Prognosticators P-value

Performance status 0.371

LDH 0.107

Liver metastases 0.533

Regimen 0.166

TrHE 0.014

LDH, lactate dehydrogenase; Regimen, including BRAFi, BRAFi+MEKi and BRAFi+anti-

PD-1 antibody; trHE, treatment-related hepatotoxicity defined as the increase of either

ALT, AST or bilirubin levels.

(16.3%) and rash (8.3%) were the most common grade 3 AEs,
and all keratoacanthoma were grade 1–2 (16.7%). CuSCC was
not observed in this study, and a similar rate as in reported in
this study was observed in a phase I/II study of vemurafenib
in Japanese patients with melanoma (28). Compared with
Caucasian patients, the frequency of AEs (100 vs. 90%) was
higher in this study; however, the frequency of grade 3/4 AEs
(33 vs. 37%) in this study was lower, and no grade 4 AEs were
observed among the patients. Meanwhile, the vemurafenib group
of this study reported a higher incidence of liver system-related
AEs (aminotransferase level increase) than in Caucasians.
Differences between Asian and Caucasian populations might
potentially lead to associated differences in the incidence
of AEs. Since plasma concentrations of vemurafenib were
generally consistent between Asian and Caucasian patients (16),
differences in AE could be attributed to differences in culture and
lifestyle, such as duration of exposure to sunlight and diet, as well
as to differences in genetic susceptibility. Finally, compared with
Caucasian patients, Chinese patients demonstrated equivalent or
even better tolerance of BRAFi monotherapy.

Most cutaneous side effects, especially rash, pruritus, and
palmar-plantar dysesthesia, decreased in the combination
therapy group (D+T) compared with the BRAFi monotherapy
treatment group in this study. A review evaluating AEs in
Caucasians receiving V+C, D+T, and E+B reported that the
targeted combination regimen resulted in fewer skin toxicities
and more gastrointestinal side effects, particularly vomiting and
diarrhea, which were probably caused by the MEKi (29). This
was consistent with our observations regarding skin toxicity,
but differed from the gastrointestinal AEs observed in this
study. Furthermore, compared to Caucasians in the COMBI-
V clinical trial, the patients receiving D+T had higher any

FIGURE 1 | (A) Kaplane-Meier survival estimates in relation to occurrence of trHE. (B) Multivariate Cox regression estimates in relation to occurrence of trHE,

corrected for baseline LDH level, medication regimens and liver metastases. trHE, treatment-related hepatotoxicity defined as the increase of either ALT, AST, or

bilirubin levels; mPES, median progression-free survival; HR, hazard ratio; LDH, lactate dehydrogenase.
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TABLE 5 | Efficacy outcomes.

Outcome trHE Non-trHE

All n = 18 n = 25

Confirmed ORR, n (%) [95% CI] 8 (44.4) [19.02–69.87] 15 (60) [39.36–80.64]

CR 3 (16.7) 5 (20)

PR 5 (27.8) 10 (40)

SD 9 (50) 10 (40)

PD 1 (5.6) 0

DCR 17 (94.4) 25 (100)

Median PFS, months (95% CI) 8.0 (0–16.32) 18.0 (4.56–31.43)

BRAFi n = 3 n = 9

ORR 1 (33.3) 4(44.4)

CR 0 0

PR 1 (33.3) 4 (44.4)

SD 2 (66.7) 5 (45.6)

DCR 3 (100) 9 (100)

BRAFi+MEKi n = 4 n = 8

ORR 2 (50) 6 (75)

CR 1 (25) 1 (12.5)

PR 1 (25) 5 (62.5)

SD 2 (50) 2 (25)

DCR 4 (100) 8 (100)

BRAFi+anti-PD-1 antibody n = 11 n = 8

ORR 5 (45.5) 5 (62.5)

CR 2 (18.1) 4 (50)

PR 3 (27.3) 1 (12.5)

SD 5 (45.5) 3 (37.5)

PD 1 (9.1) 0

DCR 9 (90.9) 8 (100)

ORR, overall response rate; CI, confidence interval; CR, complete response; PR, partial

response; SD, stable disease; PD, progressive disease; DCR, disease control rate; PFS,

progression-free survival.

grade incidence of arthralgia (33.3 vs. 26.6%) and skin toxicity,
especially rash (66.7 vs. 24%) and pruritus (50 vs. 10%), but less
gastrointestinal AEs, including diarrhea (8.3 vs. 34%), nausea
(25 vs. 36%), and vomiting (16.7 vs. 31%) (29, 30). There was
little difference in the incidence of pyrexia (any grade) between
the BARFi+MEKi group and the COMBI-V group (58 vs. 55%).
In the BRAFi+MEKi group, the most common grade 3 AE
was pyrexia (16.7%), while it was less frequent (4.6%) in the
COMBI-V study. Moreover, grade 3 hypertension (15.8%) was
more frequent in the COMBI-V study compared to the Chinese
patients included in this study.

Recently, a clinical trial evaluating dabrafenib (300mg twice
daily), trametinib (2mg once daily), and pembrolizumab (2
mg/kg every 3 weeks) was conducted in 60 patients with BRAF
V600E/K-mutated metastatic melanoma. It was suggested that
this triple-combined therapy might benefit a subset of Caucasian
patients with manageable AEs (20). Compared with the triple-
drug combination group, the BRAFi+anti-PD-1 antibody group
had higher AEs of different grades (100 vs. 98.3%) and lower
AEs of grades 3–4 (58 vs. 70%). The most common AEs in our
BRAFi+anti-PD-1 antibody group were skin-related toxicities,

with an incidence of up to 95%, and included rash (84.2%),
pruritus (63.2%), and palmoplantar erythrodysesthesia (42.1%),
followed by arthralgia (84.2%), fatigue (47.4%), and increased
ALT or AST (26.3%) levels. However, in the triple-combination
therapy, pyrexia (80%) was the most frequent AE, followed by
rash (41.7%), diarrhea (40%), and nausea (35%). Pyrexia in
our BRAFi+anti-PD-1 antibody group was clearly less frequent
compared to the triple-combined therapy (any grade: 21 vs.
80%, grade 3: 5 vs. 11.7%), which was probably was due to the
absence of MEKi and sequential therapy in our study. Severe
treatment-related AEs also differed between the two groups. In
this study, the most common grade 3 AEs were rash (36.8%)
and arthralgia (15.8%), compared to increased ALT or AST levels
(15%) and pyrexia in the triple-combination therapy. In addition,
six patients (31.6%) in our group experienced increased bilirubin
levels, which were not reported in the triple-drug combination
clinical trial. Most severe AEs in the BRAFi+anti-PD-1 antibody
group could be alleviated by temporarily interrupting treatment
and subsequently reducing the dose of vemurafenib; however,
four patients (21%) were still unable to tolerate this treatment.
Compared to this study, 25 Caucasians (41.7%) in the triple-
combined therapy group discontinued treatment and six of them
terminated the therapy due to grade 3–4 increased AST or
ALT levels. Compared with the triple-drug combination therapy,
hepatotoxicity in the BRAFi+anti-PD-1 antibody group was
mostly grade 1–2, which could be alleviated by symptomatic liver
protection treatment. The reasons for interrupting the treatment
were severe skin or arthralgia toxicity 1 or 2 weeks after starting
the therapy. Overall, 94.7% of patients in the BRAFi+anti-PD-1
antibody group underwent dose reduction of vemurafenib, which
might have contributed to the reduced incidence of subsequent
severe hepatotoxicity.

From the above data, it may be concluded that the tolerance
level of the BRAFi +PD-1 antibody regimen by Chinese
patients was acceptable. A similar conclusion could be drawn
from another phase I triple-drug trial on 15 Caucasians when
compared with this study (21).

We defined trHE as an increase of either ALT, AST, or
bilirubin. However, distinguishing these laboratory indicators
based on either the treatment induced or liver metastasis
is discussed below. First, 18 patients had normal ALT,
AST, and bilirubin levels before starting treatment with
BRAFi or BRAFi-based combinations and did not receive
any other medicines that potentially lead to liver injury.
Further, trHE was reported after receiving treatment. trHE was
relieved after receiving hepatoprotective drugs. Second, four
patients had liver metastasis before experiencing trHE, and
there was no evidence about the progression of their liver
metastasis while experiencing trHE. The remaining patients
did not experience any liver metastasis either before or
after trHE as determined by imaging studies. In addition,
only one patient had a history of hepatitis B, and the
DNA load of the hepatitis B virus showed no significant
enhancement. Finally, none of the patients experienced a
secondary trHE in subsequent treatment. However, these
phenomena might have resulted from our small sample size and
short observation time.
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FIGURE 2 | Progression-free survival and best overall response of all patients in the two groups with or without treatment-related hepatotoxicity. trHE,

treatment-related hepatotoxicity defined as the increase of either ALT, AST, or bilirubin levels; +, grade 1 increase of either ALT or AST level; +++, grade 3 increase

of either ALT or AST level; *, grade 1 increase of bilirubin; ++&*, concomitant increase of bilirubin (grade 1) and either ALT or AST (grade 2).

Patients experiencing trHE had shorter PFS and lower
ORR, which we speculated occurred for the following possible
reasons. First, different prognosis may be influenced by the
general condition of the patient, staging, liver involvement,
basic liver metastasis, and treatment. Further analysis showed
that there was no statistical difference between the two
groups (with or without trHE) in terms of age, first-line
treatment, LDH level, lesion number, and other basic status
indicators (Supplementary Table 2). Second, glycyrrhizic acid,
a hepatoprotective drug and the main ingredient of compound
glycyrrhizin glucoside [stronger neo-minophagen C (SNMC)],
has anti-inflammatory and anti-allergic effects and exhibits
steroidal hormone-like properties (31). Thus, glycyrrhizic acid

may be a potential inhibitor of the immune response. In this
study, three patients (in each of the three groups) were treated
with SNMC for trHE and all of them achieved SD. Due to the
limited sample size, it was difficult to determine the positive or
negative effect of SNMC. Finally, we questioned the impact of
reducing vemurafenib or treatment termination on the prognosis
of patients in the trHE group. However, after analysis, in the
BRAFi group, we found that only one patient with trHE had
received a reduced dose of vemurafenib. The best response of the
patient was PR, and his PFS was 6 months, which reached the
general PFS observed with BRAFimonotherapy. No other patient
had terminated treatment. In the BRAFi+anti-PD-1 antibody
group, trHE did not lead to discontinuation. Only one patient
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required a dose reduction of vemurafenib due to trHE. He had
SD, which was maintained up to the follow-up deadline (PFS =

14 months).
The present study has some limitations, such as treatment

selection bias due to the retrospective nature of the study, the
single-center analysis, and the small study sample. Essentially,
the underlying mechanism of hepatotoxicity induced by BRAFi
and BRAFi-based combined regimens and its relationship with
treatment outcomes need to be further explored.

In conclusion, in this study, treatment-related AEs in the
Chinese population receiving BRAFi and BRAFi-based regimens
were generally consistent with those reported in Caucasians,
although the occurrence of grade 3 AEs was lower in Chinese
patients. The trHE in patients receiving BRAFi and BRAFi-based
regimens may indicate a poor treatment-related prognosis.
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Introduction: This study aimed to identify important genes associated with melanoma to
further develop new target gene therapies and analyze their significance concerning
prognosis.

Materials and methods: Gene expression data for melanoma and normal tissue were
downloaded from three databases. Differentially co-expressed genes were identified by
WGCNA and DEGs analysis. These genes were subjected to GO, and KEGG enrichment
analysis and construction of the PPI visualized with Cytoscape and screened for the top
10 Hub genes using CytoHubba. We validated the Hub gene’s protein levels with an
immunohistochemical assay to confirm the accuracy of our analysis.

Results: A total of 435 differentially co-expressed genes were obtained. Survival curves
showed that high expression of FOXM1,\ EXO1, KIF20A, TPX2, and CDC20 in melanoma
patients with 5 of the top 10 hub genes was associated with reduced overall survival (OS).
Immunohistochemistry showed that all five genes were expressed at higher protein levels
in melanoma than in paracancerous tissues.

Conclusion: FOXM1, EXO1, KIF20A, TPX2, and CDC20 are prognosis-associated core
genes of melanoma, and their high expression correlates with the low prognosis of
melanoma patients and can be used as biomarkers for melanoma diagnosis, treatment,
and prognosis prediction.

Keywords: melanoma, weighted gene co-expression network analysis, differential expression gene analysis,
biomarker, predict prognosis, immunohistochemistry
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Jiang et al. Melanoma Key Prognostic Genes
INTRODUCTION

Melanoma, a highly malignant tumor originating from
melanocytes, most commonly occurs in the skin and can evolve
from a congenital benign cell nevus or develop from a dysplastic
nevus. According to a 2014 article on the epidemiology of
melanoma: men are about 1.5 times more likely to develop
melanoma than women; the development of malignant melanoma
may be associated with changes in external environmental factors
(e.g., UV exposure) (1). In the past few years, the primary means of
treating melanoma have included: surgery, medication, and
radiation therapy (2). A review of the literature on microsurgery
versus extensive local excision for melanoma showed that after
controlling for potential confounding variables, patients treated for
melanoma with microsurgery were more likely to be alive at five
years than those treated for melanoma with extensive local excision
(3). Despite the many treatment options for melanoma, patient
survival is still limited.

In recent years, with the rapid development of bioinformatics
technology, bioinformatics has become increasingly popular for
studying the molecular mechanisms of diseases and discovering
disease-specific biomarkers that are increasingly being used to
diagnose and treat diseases accurately (4–6). Weighted gene co-
expression network analysis (WGCNA), one of the bioinformatics
analysis methods, describes co-expression patterns between genes
in microarray samples, providing new insights for predicting the
function of co-expressed genes and the development of diseases
(7). Differentially expressed genes(DEGs) are widely used in
cancer research and are excellent cancer research methods (8–
10). It provides a genomics-based method for discovering changes
in gene expression levels between experimental and control groups
(11). We could look for potential disease-related biomarkers in
genes with significant differences in gene expression. Thus, we
have combined the two approaches by combining genes from
relevant modules obtained by the WGCNA method with
differentially expressed genes to enhance the discrimination of
genes that are expected to be candidate markers of disease.

In this study, in order to obtain melanoma hub genes, we
analyzedmelanomamRNAexpression data downloaded from the
UCSC database, GTEx database, and GEO database by WGCNA
method and differential expression gene method. We further
verified our analysis’s accuracy and reliability by GO
enrichment analysis, KEGG pathway enrichment analysis,
protein-protein functional interaction network (PPI), survival
analysis, and immunohistochemistry experiments to validate the
results obtained from the analysis.

MATERIALS AND METHODS

Data Download
Gene expression data for melanoma were downloaded from
UCSC Xena (http://xena.ucsc.edu/) and the GEO database
Abbreviations: WGCNA, Weighted gene co-expression network analysis; DEGs,
Differentially expressed genes; PPI, protein-protein functional interaction
network; GO, Gene Ontology; CC, Cellular component; BP, Biological process;
MF, Molecular function; OS, overall survival.

Frontiers in Oncology | www.frontiersin.org 2162
(https://www.ncbi.nlm.nih.gov/gds/). Furthermore, we
downloaded all the data and corresponding clinical
information on melanoma from the UCSC Xena database free
of charge. Data downloaded from the UCSC Xena database
contained 471 melanoma samples; gene expression data for
813 normal skin samples were downloaded from the GTEx
database (https://www.gtexportal.org/home/); the number of
melanoma cases for which all clinical information was
complete was 322. In total, 55,188 genes were included in our
acceptance of our subsequent analysis. On the other hand, we
downloaded melanoma sample GSE3189 from the GEO
database, a dataset containing 45 melanoma samples, 18 nevus
samples, and 7 normal skin samples (12). We removed 18 moles
from the sample. This dataset was studied using the platform
GPL96 [HG-U133A] Affymetrix Human Genome U133A Array.
Based on the manufacturer’s annotation files, we converted the
probe files into gene symbols and removed duplicate probes, all
expression data were transformed by log2, and the data were
standardized. Eventually, a total of 12,549 genes were included
for our subsequent analysis.

Using WGCNA to Identify Key
Co-Expression Modules
WGCNA is a framework for establishing and analyzing weighted
gene co-expression networks and is a widely used bioinformatics
analysis method that uses the interrelationship between two
variables to study biological networks. In this study, all statistical
analysis operations were performed based on R (x64 version 4.0.2).
We used the R package (WGCNA) to construct a gene co-
expression network from the gene expression data of melanoma
from UCSC Xena and the gene expression data of melanoma data
of GSE3189 from the GEO database (7). To construct the scale-free
network, we use the R command: softPower =sft$powerEstimate,
which commands R to automatically select the optimal power
value, which ends up with a soft threshold of 12 for the UCSC Xena
database and 5 for the GEO database. We then construct the
adjacency matrix by the following formula: aij = power (Sij, b) =
|Sij|^b (aij denotes the adjacency matrix between gene i and gene j;
Sij denotes a similarity matrix completed by Pearson correlations
for all gene pairs.; b denotes the soft threshold). Subsequently, we
calculated the degree of dissimilarity between the nodes and
converted the adjacency matrix into a TOM matrix. After that,
we identified gene networks/modules using a dynamic shear tree
algorithm. We correlated previously computed module features
with clinical features to investigate the co-expression network’s
functional modules further. As a result, the modules that were
subsequently selected were closely correlated with clinical features
and were selected by us for subsequent analyses. More detailed
methods have been elucidated in detail by previous researchers (7).

Identification of Differentially Expressed
Genes and Selection of Significantly
Expressed Modules
We used the R package (Limma) to perform differentially
expressed genes (DEGs) analysis on gene expression data from
both databases (13). To identify DEGs between melanoma and
normal tissues, we performed the differential analysis of gene
April 2021 | Volume 11 | Article 621430
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expression matrices from the two databases using the limma
package, respectively. Cut off value was set to |logFC|>=1,
adjusted P-value<0.05. We then used the R package
(pheatmap) to construct heat maps of the DEGs filtered from
the two databases; the R package (ggplot2) to plot the DEGs
volcanoes. Next, co-expression genes extracted from the co-
expression network overlapped with DEGs were used to
identify potential prognostic genes. The overlapping portions
of genes were used for subsequent analysis using the R package
(VeenDiagram) (14)to visualize and plot the genes’ overlapping
portions into Veen diagrams.

GO Enrichment Analysis and KEGG
Pathway Enrichment Analysis of
Target Genes
To explore the overlapping parts of Gene Ontology (GO) (15)
and KEGG pathway enrichment analysis (16), we used the R
package (clusterProfiler, org.Hs.eg.db, enrichplot, ggplot2) (17)
for analysis and visualization. The cut off value is set to p-
value<0.05. The GO enrichment analysis consists of three main
panels, namely Cellular component (CC), Biological process
(BP), and Molecular function (MF). KEGG pathway
enrichment analysis was mainly enriched in Melanoma,
Transcriptional misregulation in cancer.

Construction of Protein-Protein Interaction
Networks and Screening of Hub Genes
We used the STRING (https://string-db.org/) (18) online
database to construct protein-protein interaction (PPI)
networks for overlapping partial genes. Subsequently, the
resulting PPI network is imported into Cytoscape (v3.8.0) to
visualize the PPI. We used a plugin in Cytoscape (CytoHubba)
(19) to find Hub genes in these genes. We used the MCC
algorithm, and the top 10 genes obtained to the MCC
algorithm were used as the central genes for our study.

The Relationship Between Hub Genes
and Prognosis, and Their Expression in
Various Subgroups
In this study, to verify Hub genes’ reliability, we used
information from patients whose clinical information was
complete for survival analysis. All patients were divided into
two groups based on Hub genes’ median expression value, with
patients greater than or equal to the median value assigned to the
high expression group and patients less than the median value
assigned to the low expression group. We plotted the Kaplan-
Meier univariate survival analysis of overall survival (OS) using
the R package (survival, survminer) for the top 10 hub genes. To
further explore the effect of Hub genes on prognosis, we analyzed
the relationship between five Hub genes and survival status and
survival time using multivariate COX regression and constructed
a prognostic model. We calculated the risk value of each patient
and included patients with higher than average risk values in the
high-risk group and those with lower or equal risk values in the
low-risk group, and subsequently plotted Kaplan-Meier curves
according to the high-risk and low-risk groups. Subsequently, we
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analyzed the top 10 Hub genes concerning disease-free survival
using the online database GEPIA2 (http://gepia.cancer-pku.cn/).
After that, we explored the differential expression of Hub genes
in cancer and normal tissues, plotting each Hub genes’
expression levels in different subgroups between cancer and
normal tissues as a box line graph.

Immunohistochemistry
We used tumor sections and normal skin sections of melanoma
patients who underwent surgical treatment at the First Clinical
Affiliated Hospital of Guangxi Medical University for
immunohistological studies, which were approved by the
Ethics Department of the First Clinical Affiliated Hospital of
Guangxi Medical University and conformed to the World
Medical Association Declaration of Helsinki. We performed
immunohistological analysis of six pairs (melanoma and
normal skin) of pathological sections for each gene.
Immunohistochemical staining of formalin-fixed melanoma
tissue samples and paraffin-embedded and paracancerous
tissue samples were performed. The FOXM1 and TPX2
antibodies for immunohistochemical staining were purchased
from the Abcam; the KIF20A antibody was purchased from the
Bioss; the CDC20 antibody was purchased from the Proteintech;
the EXO1 antibody was purchased from the Abclonal. After
removing paraffin, hydration, and sealing, the specimens were
mixed with anti-FOXM1, KIF20A, TPX2, CDC20, and EXO1
and incubated overnight at 4°C (dilution ratios of 1:250, 1:200,
1:4000, 1:300, 1:100, respectively). Finally, in order to calculate
the positivity rate of immunohistology images more precisely, we
performed statistical analysis of images from immunohistology
studies using Image J software. We then performed statistical
analysis of the immunohistological positive rate for melanoma
and the immunohistological positive rate for normal skin
samples using the paired sample mean t-test in IBM SPSS
Statistics 25 software. Finally, we use GraphPad Prism 8 to
visualize the statistical results.
RESULTS

Construction of Weighted Gene
Co-Expression Modules
To identify modules associated with prognosis in patients with
melanoma, we performed gene co-expression network analysis of
gene expression matrices from the UCSC Xena database and
GSE3189 using the WGCNA package. There are six co-expression
modules constructed from UCSC Xena database expression data
(Figure 1A) and seven co-expression modules constructed from
GSE3189 (Figure 2A), not including the grey module cluster to
which it is assigned. We developed a heat map module features’
relationship, which was used to assess each co-expression module’s
relationship with two clinical features (normal and cancer). The two
modules’ features are shown in Figure 1B and Figure 2B. From
the pictures, we can find that the highest correlation between
the magenta module in UCSC Xena and the blue module in
GSE3189 and normal organization (magenta module: r=-0.98,
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P-value<1e-200; blue module: r=-0.96, P-value<1e-200). Therefore,
we extracted the genes from these two modules to further dig
deeper into the useful information in them.

Identification of DEGs and Gene
Identification With Co-Expression Modules
We set the cut-off value for DEGs as |logFC|>=1, adjusted P-
value<0.05, and a total of 6609 DEGs were identified in the
UCSC Xena dataset; heat maps and volcanoes of DEGs are
Frontiers in Oncology | www.frontiersin.org 4164
shown in Figure 3; 6223 DEGs were identified in the GSE3198
dataset; heat maps and volcanoes of differential genes See Figure 4.
We present the top 100 differentially expressed genes calculated
from the GEO database in Table 1; the top 100 differentially
expressed genes calculated from the UCSC Xena database are
presented in Table 2. Genes from the magenta module in UCSC
Xena and genes from the blue module in GSE3189, as well as
DEGs from both databases, yielded a total of 435 overlapping
genes extracted for subsequent analysis (Figure 5).
A

B

FIGURE 1 | Heat map and volcano map of DEGs from the UCSC Xena database. (A) Heat map of the top 50 upregulated and top 50 down-regulated DEGs
obtained from the identification. The red part indicates upregulated genes, and the green part indicates down-regulated genes. (B) Volcano plot with cut off value set
to |logFC|>1,P-value<0.05. Red dots indicate upregulated genes, green dots indicate down-regulated genes, and black represents non-significant genes.
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GO Enrichment Analysis of 435 Genes and
KEGG Pathway Enrichment Analysis
We performed GO enrichment analysis, and KEGG pathway
enrichment analysis further explores the 435 genes’ potential
functions in the overlapping sections. We learned from the GO
enrichment analysis that BP was primarily enriched in
neutrophil degranulation and neutrophil activation involved in
the immune response. CC was mainly enriched in vacuolar and
lysosomal membranes. MF was mainly enriched in histone
deacetylase binding and integrin-binding (Figure 6A). KEGG
Frontiers in Oncology | www.frontiersin.org 5165
pathway enrichment analysis was mainly distributed in the
melanoma, Transcriptional misregulation in cancer, and
Mismatch repair pathways (Figure 6B).

PPI Construction and Hub Gene
Identification
We imported 435 genes from the overlapping parts into the
STRING online database to obtain the PPI network.
Subsequently, the PPI network was imported into Cytoscape
software to visualize the PPI (Figure 7A) using the MCC
A

B

FIGURE 2 | Heat map and volcano map of GSE3189. (A) Heat map of the top 50 upregulated and top 50 down-regulated DEGs obtained from the identification.
The red part indicates upregulated genes, and the green part indicates down-regulated genes. (B) Volcano plot with cut off value set to |logFC|>1,P-value<0.05.
Red dots indicate upregulated genes, green dots indicate down-regulated genes, and black represents non-significant genes.
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algorithm in the CytoHuba plugin to filter the top 10 Hub genes
from the PPI network (Figure 7B). We ranked the top 10 Hub
genes based on their MCC algorithm scores, which were Aurora
Kinase B (AURKB), Exonuclease 1 (EXO1), Kinesin Family
Member 20A (KIF20A), TPX2 Microtubule Nucleation Factor
(TPX2), Assembly Factor For Spindle Microtubules(ASPM),
Mitotic Arrest Deficient 2 Like 1 (MAD2L1), Forkhead Box
M1(FOXM1), Cell Division Cycle 20(CDC20), Non-SMC
Condensin I Complex Subunit H(NCAPH), Baculoviral IAP
Repeat Containing 5(BIRC5).
Frontiers in Oncology | www.frontiersin.org 6166
Prognostic Value of Hub Genes and
Validation of Protein Expression
We further analyzed the top 10 Hub genes (AURKB, EXO1,
KIF20A, TPX2, ASPM, MAD2L1, FOXM1, CDC20, NCAPH,
BIRC5) that were screened by the CytoHubba plugin. We
analyzed the relationship between the top 10 Hub genes and
prognosis separately and plotted univariate survival curves for
overall survival using the R package based on the Kaplan-Meier
method. Kaplan-Meier analysis showed (Figure 8) that 5 of the
top 10 Hub genes (FOXM1, EXO1, KIF20A, TPX2, CDC20)
A

B

FIGURE 3 | Identification of modules associated with clinical information in the UCSC Xena database. (A) Clustered tree diagram of co-expression network modules
sorted by gene-level clustering of matrices obtained by Equation 1-TOM. Each color represents a different co-expressed gene. (B) Relationship diagram of the
features of the modules. Each row corresponds to a color module, and each column corresponds to a clinical feature (normal and cancer). Each cell contains the
correlation and P-value of the corresponding module.
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were significantly correlated with prognosis (p<0.01), and that
the relationship between all five hub genes and the prognosis of
melanoma patients was such that high expression of the gene was
accompanied by low patient Prognosis. In addition, we analyzed
the survival curves of the prognostic models constructed based
on these five Hub genes, as shown in Figure 8K. The survival rate
in the high-risk group was much lower than that in the low-risk
group, and the difference was statistically significant (P-value <
0.05). We used the GEPIA2 database to predict disease-free
survival for the top 10 Hub genes, and the predictions are
shown in Figure 9. We divided all patients into two groups
Frontiers in Oncology | www.frontiersin.org 7167
according to metastasis and primary status of the tumor. From
Figure 10A, we found that the mean expression value of ASPM
was significantly higher in the metastatic group than in the
primary group (P-value<0.001); in Figure 10B, we found that the
expression value of AURB was significantly higher in the primary
group than in the metastatic group (P-value=0.003).

Immunohistochemistry
After a series of laboratory manipulations, we completed
specific staining of all pathological tissue sections for labeled
antibodies. All immunohistological images were observed
A

B

FIGURE 4 | Identification of modules related to clinical information in the GSE3189 database. (A) Clustered tree diagram of co-expression network modules sorted
by gene-level clustering of matrices obtained by Equation 1-TOM. Each color represents a different co-expressed gene. (B) Relationship diagram of the features of
the modules. Each row corresponds to a color module, and each column corresponds to a clinical feature (normal and cancer). Each cell contains the correlation
and P-value of the corresponding module.
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TABLE 1 | Top 100 differentially expressed genes from UCSC Xena database differential expression analysis.

id logFC AveExpr t P. Value adj. P. Val B

HSD11B2 -845.579 176.0964 -29.2765 1.53E-33 1.92E-29 -4.0536
BCAM -1017.36 323.9158 -26.9444 8.18E-32 5.13E-28 -4.0592
METTL7A -2269.49 605.8938 -24.4868 7.60E-30 2.55E-26 -4.06674
LMOD1 -734.009 145.4836 -24.383 9.28E-30 2.55E-26 -4.06711
PLLP -1437.35 434.1048 -24.3356 1.02E-29 2.55E-26 -4.06728
C1orf116 -494.735 91.70493 -23.8478 2.63E-29 5.50E-26 -4.06905
CDC20 389.965 482.6639 4.868726 1.13E-05 5.12E-05 -4.42177
PDZD2 -1159.37 213.1139 -23.5115 5.11E-29 9.16E-26 -4.07034
NFIB -2039.56 544.4306 -22.7616 2.31E-28 3.63E-25 -4.07338
RAI2 -816.532 222.9485 -22.4094 4.77E-28 6.66E-25 -4.07491
SOD3 -1970.04 667.2363 -22.299 6.00E-28 7.53E-25 -4.0754
CLDN8 -739.437 164.3889 -22.1417 8.33E-28 9.50E-25 -4.07611
EPB41L4B -1068.95 305.8102 -22.0679 9.72E-28 1.02E-24 -4.07644
TCF7L2 -1366.23 604.587 -22.0259 1.06E-27 1.02E-24 -4.07664
COBL -1201.85 249.6083 -21.9426 1.26E-27 1.13E-24 -4.07702
NOTCH2NL -8409.06 2198.169 -21.6906 2.15E-27 1.80E-24 -4.07822
DDAH1 -1470.08 560.094 -20.5529 2.54E-26 2.00E-23 -4.08409
PTPRK -2420.67 866.2715 -20.3232 4.24E-26 3.13E-23 -4.08537
AKR1C3 -2026.43 340.9329 -20.173 5.94E-26 3.95E-23 -4.08624
BLCAP -2587.68 2066.668 -20.1707 5.98E-26 3.95E-23 -4.08625
MKL2 -2073.3 890.3276 -19.8971 1.11E-25 6.96E-23 -4.08786
FOXC1 -924.752 352.5952 -19.8629 1.20E-25 7.17E-23 -4.08807
SCGB2A2 -22896.1 3285.843 -19.6068 2.16E-25 1.23E-22 -4.08964
HLF -432.825 163.8867 -19.397 3.50E-25 1.91E-22 -4.09096
GPRC5C -452.72 116.5967 -19.1655 6.00E-25 3.14E-22 -4.09247
TPM1 -3431.4 1077.406 -19.1101 6.84E-25 3.43E-22 -4.09284
INHBB -1629.71 542.9868 -19.015 8.55E-25 4.03E-22 -4.09347
KCNK5 -1100.18 338.3407 -19.0084 8.68E-25 4.03E-22 -4.09352
LPP -1662.54 1114.69 -18.9759 9.38E-25 4.20E-22 -4.09374
BAG1 -1512.62 963.4278 -18.63 2.13E-24 9.04E-22 -4.09613
BBOX1 -1291.96 255.0336 -18.6242 2.16E-24 9.04E-22 -4.09617
NEBL -609.949 272.7083 -18.4247 3.49E-24 1.41E-21 -4.0976
SEMA3G -2467.01 524.8589 -18.2258 5.65E-24 2.21E-21 -4.09907
AOX1 -462.531 149.6399 -18.1128 7.44E-24 2.83E-21 -4.09992
OSR2 -1470.39 407.5353 -17.9596 1.08E-23 4.00E-21 -4.1011
AFF1 -921.029 598.5215 -17.915 1.21E-23 4.30E-21 -4.10145
ANK3 -626.259 224.7039 -17.9063 1.23E-23 4.30E-21 -4.10151
TNS1 -3044.64 867.9854 -17.7824 1.68E-23 5.69E-21 -4.10249
KIF20A 549.666 571.9327 5.727454 5.48E-07 3.36E-06 -4.37847
RNASE4 -1188.56 335.7413 -17.3161 5.38E-23 1.77E-20 -4.10632
KRT23 -1993.11 437.5972 -17.3038 5.55E-23 1.77E-20 -4.10642
TPD52L1 -3095.22 669.0397 -17.297 5.64E-23 1.77E-20 -4.10648
SYBU -920.434 364.3275 -17.2781 5.92E-23 1.81E-20 -4.10664
ADRB2 -1071.55 319.8041 -17.2099 7.04E-23 2.10E-20 -4.10722
FBXW12 -2471.35 1018.696 -17.0651 1.02E-22 2.97E-20 -4.10848
NXN -3120.53 896.8017 -16.9564 1.34E-22 3.83E-20 -4.10944
SLK -1140.23 736.8274 -16.9376 1.41E-22 3.93E-20 -4.10961
NPR1 -306.481 115.5731 -16.9289 1.44E-22 3.93E-20 -4.10969
KLF4 -6760.93 1402.794 -16.8796 1.63E-22 4.36E-20 -4.11013
TACC2 -1660.96 469.7259 -16.6594 2.89E-22 7.53E-20 -4.11214
CFD -15658.5 2463.293 -16.6522 2.94E-22 7.53E-20 -4.11221
MANSC1 -749.192 222.4662 -16.556 3.78E-22 9.47E-20 -4.11311
SCGB1D2 -16696.7 2299.639 -16.5155 4.20E-22 1.03E-19 -4.11349
CYP4F12 -834.366 226.1397 -16.4526 4.94E-22 1.19E-19 -4.11409
ARHGAP29 -1972.3 562.7853 -16.4261 5.30E-22 1.23E-19 -4.11435
PAPD7 -1521.75 1286.389 -16.426 5.30E-22 1.23E-19 -4.11435
HOXA5 -1120.97 339.1495 -16.1654 1.05E-21 2.34E-19 -4.1169
TPX2 844.8853 941.0447 6.308941 6.73E-08 5.11E-07 -4.35103
AKR1C1 -4886.37 1050.501 -16.1645 1.06E-21 2.34E-19 -4.11691
PGRMC2 -789.323 518.6895 -16.1623 1.06E-21 2.34E-19 -4.11693
DEFB1 -3728.94 773.1849 -16.1416 1.12E-21 2.43E-19 -4.11714
NISCH -3781.98 2154.822 -16.1158 1.20E-21 2.55E-19 -4.1174
PID1 -660.945 181.8225 -16.0308 1.51E-21 3.15E-19 -4.11826
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under an inverted microscope and images were collected, and
we compared the staining differences between melanoma
specimens and paraneoplastic tissue specimens. We performed
immunohistological staining analysis on a total of 60 pathological
tissue sections of six pairs (melanoma tissue and normal skin tissue)
for each gene, and the positive rate of each image was counted using
Image J software. After IBM SPSS Statistics 25 paired sample mean
t-test, finally, we visualized the statistical results using GraphPad
Prism 8. After analysis of 60 immunohistochemical images, we
found that these five Hub genes were significantly more abundantly
expressed in melanoma than in paraneoplastic tissue. This result
also further validates the accuracy and validity of our bioinformatics
analysis. We selected from 60 immunohistochemical images the
images with the most significant differences between these 5 Hub
genes in melanoma and paracancerous tissue in Figures 11A1–M2.
In addition, we counted the positive rate of immunohistological
images of six pairs of pathological tissue sections for each antibody
separately, and from Figures 11P–T we found that the positive rate
of immunohistochemical staining for these five genes in melanoma
was significantly higher than that in paraneoplastic tissue, and the
difference was statistically significant.
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DISCUSSION

Melanoma is associated with many factors, is more common in
light-skinned races, and has a family history of occurrence.
Although melanoma treatment has improved from before, the
prognosis for melanoma patients is low due to the lack of precise
molecular markers. Therefore, there is an urgent need to identify
better and more accurate biomarkers to utilize in the prognosis,
diagnosis, and treatment of melanoma. In our study, we used
integrated bioinformatics to analyze a total of 435 critical genes
with co-expression trends identified in the UCSC Xena, GTEx
database, and the GSE3189 database. These genes were subjected to
GO enrichment analysis based on the R package (clusterProfiler),
mainly enriched in neutrophil activation involved in immune
response, stem cell division, and melanosome. As early as 2011,
it was noted that there might be a close relationship between
neutrophil activation and cancer (20). Moreover, the relationship
between the stem cell division andmelanosome and cancer has also
been reported in the literature (21, 22). Similarly, these genes were
subjected to KEGG pathway enrichment analysis based on the R
package (clusterProfiler), and the enrichment results showed that
TABLE 1 | Continued

id logFC AveExpr t P. Value adj. P. Val B

ECHDC2 -2053.82 566.7756 -16.0213 1.54E-21 3.18E-19 -4.11835
ZNF721 -3930.63 1696.277 -15.9616 1.81E-21 3.66E-19 -4.11896
FZD10 -935.976 244.2876 -15.9546 1.84E-21 3.67E-19 -4.11904
FOXM1 407.8747 439.4756 4.447452 4.73E-05 0.000185 -4.44386
MGST2 -1763.19 647.3899 -15.9227 2.01E-21 3.94E-19 -4.11937
CLDN5 -1893.35 403.8225 -15.9111 2.07E-21 4.00E-19 -4.11948
PGF -1363.34 863.4405 -15.8693 2.32E-21 4.40E-19 -4.11992
MYO5C -2220.87 777.6688 -15.8323 2.56E-21 4.79E-19 -4.12031
RIOK3 -807.68 826.6529 -15.7848 2.91E-21 5.37E-19 -4.1208
SLIT3 -750.592 281.9049 -15.5706 5.19E-21 9.43E-19 -4.1231
DKFZP586I1420 -1528.75 783.6597 -15.5415 5.61E-21 1.01E-18 -4.12342
IRF6 -2781.83 874.8339 -15.4857 6.54E-21 1.15E-18 -4.12403
KLF2 -2970.81 1606.61 -15.4511 7.18E-21 1.25E-18 -4.12441
CA6 -3085.23 529.0964 -15.4115 8.00E-21 1.38E-18 -4.12485
EMX2 -455.309 100.5197 -15.3847 8.61E-21 1.46E-18 -4.12515
CXCL14 -24233.7 4778.02 -15.3585 9.25E-21 1.55E-18 -4.12544
PPAP2A -2079.6 1113.894 -15.2372 1.29E-20 2.13E-18 -4.12682
MAST4 -2097.42 497.6463 -15.2144 1.37E-20 2.24E-18 -4.12708
CARD10 -205.013 117.4037 -15.1947 1.45E-20 2.33E-18 -4.12731
LAMA3 -1212.8 241.0786 -15.1253 1.76E-20 2.79E-18 -4.12811
TACSTD2 -4413.24 865.4007 -15.1017 1.88E-20 2.94E-18 -4.12838
LIMS2 -1426.29 640.6591 -15.077 2.01E-20 3.11E-18 -4.12867
FAM117A -1093.53 570.1012 -15.0156 2.38E-20 3.65E-18 -4.1294
EXO1 205.6559 242.1595 5.043051 6.17E-06 2.97E-05 -4.41276
KRT18 -2757.63 602.0107 -14.9803 2.63E-20 3.97E-18 -4.12981
MYH11 -3199.73 525.7094 -14.9037 3.26E-20 4.86E-18 -4.13073
AZGP1 -2910.91 538.8767 -14.6937 5.87E-20 8.66E-18 -4.13329
KIAA0485 -632.996 214.483 -14.6163 7.30E-20 1.07E-17 -4.13426
PCNXL2 -186.091 153.767 -14.548 8.86E-20 1.28E-17 -4.13512
ATP6V0A4 -650.17 187.6908 -14.4758 1.09E-19 1.55E-17 -4.13604
PPP1CB -868.475 534.1197 -14.4146 1.29E-19 1.82E-17 -4.13683
VWF -3563.29 1541.653 -14.3503 1.56E-19 2.17E-17 -4.13767
SLC24A3 -519.411 131.0307 -14.3207 1.69E-19 2.33E-17 -4.13806
CHRDL1 -3642.25 614.9238 -14.3008 1.79E-19 2.44E-17 -4.13832
EFS -860.828 247.5087 -14.284 1.88E-19 2.54E-17 -4.13854
N4BP2L2 -1182.53 803.6723 -14.2559 2.04E-19 2.72E-17 -4.13891
MAP3K4 -1498.72 670.2975 -14.2228 2.24E-19 2.96E-17 -4.13935
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TABLE 2 | Top 100 differentially expressed genes from GEO database differential expression analysis.

id logFC AveExpr t P. Value adj. P. Val B

TOMM6 -6.70878 4.247851 -441.582 0 0 3210.479
EEF1G -9.17482 6.273636 -358.094 0 0 2946.723
ARL6IP4 -5.34494 4.568667 -270.314 0 0 2593.078
U2AF1 -4.89304 3.189738 -267.824 0 0 2581.47
KIF20A 2.257505 2.184619 35.43105 2.64E-192 3.28E-191 428.7177
TRAPPC5 -5.2377 3.597862 -265.289 0 0 2569.541
DDX47 -4.1377 3.218522 -263.144 0 0 2559.36
AC026464.4 -4.12231 2.667977 -234.28 0 0 2413.931
AC008894.2 -3.89785 2.492557 -231.702 0 0 2400.115
ZNF410 -3.7731 3.023446 -226.448 0 0 2371.487
AC138969.1 -6.58451 4.261407 -224.402 0 0 2360.166
EIF4A1 -6.5225 5.862644 -219.31 0 0 2331.554
XBP1 -5.49276 3.477893 -217.59 0 0 2321.745
RPS29 -5.7619 8.791745 -217.216 0 0 2319.602
RPL41P1 7.895229 2.907401 210.3463 0 0 2279.615
SARNP -4.32075 3.616277 -209.23 0 0 2273.003
C17orf49 -4.48374 3.787316 -208.004 0 0 2265.695
AP003108.2 -3.86539 2.574211 -207.004 0 0 2259.706
NPIPA9 -6.47004 4.114255 -205.125 0 0 2248.382
U2AF1L5 -4.59973 2.953342 -204.651 0 0 2245.511
AL445363.3 -3.97251 2.527661 -204.223 0 0 2242.909
PLSCR3 -4.35472 3.215705 -204.113 0 0 2242.24
MT-TP 10.04972 3.69955 203.6833 0 0 2239.626
AC004057.1 -8.07281 5.336825 -200.98 0 0 2223.05
UBE2V1 -3.5256 4.398678 -200.156 0 0 2217.955
EIF3CL -4.40254 3.018283 -194.219 0 0 2180.647
CHMP4A -4.13699 4.114164 -192.739 0 0 2171.174
RPL23AP42 -5.9686 6.903515 -192.172 0 0 2167.53
RBM34 -3.73833 3.315043 -189.086 0 0 2147.518
FAM156A -4.2274 2.753841 -188.932 0 0 2146.508
PSMC1 -3.54821 4.637263 -186.871 0 0 2132.96
AC234031.1 -4.1459 2.626985 -185.406 0 0 2123.242
EIF3C -5.4449 5.199535 -181.198 0 0 2094.928
NDST2 -3.18778 2.770728 -179.958 0 0 2086.466
RPL41P5 5.796619 2.135216 178.8032 0 0 2078.539
POLR2J3 -4.77323 3.508843 -175.214 0 0 2053.594
NPIPA1 -5.2232 4.152355 -173.431 0 0 2041.021
MIR621 5.055425 1.860197 171.4897 0 0 2027.203
RPL17 -5.68075 7.892466 -170.602 0 0 2020.837
CBWD3 -3.53714 2.282208 -170.004 0 0 2016.528
KLC1 -3.77402 4.474801 -168.533 0 0 2005.876
FOXM1 2.234867 2.87717 39.80523 2.75E-226 4.47E-225 506.9552
AC090498.1 -5.26043 8.372091 -167.292 0 0 1996.823
PSMA6 -3.37821 4.795774 -166.672 0 0 1992.276
OVCA2 -4.03462 2.55463 -165.63 0 0 1984.594
MIA2 -2.42462 2.010625 -163.757 0 0 1970.685
SKP1 -3.17494 6.591382 -163.588 0 0 1969.42
RNASEK -4.25662 5.849365 -163.016 0 0 1965.143
BBS1 -2.78795 2.33777 -162.105 0 0 1958.295
RPL36A -4.99421 7.771035 -161.219 0 0 1951.603
FP236383.3 -8.60309 5.458479 -157.818 0 0 1925.6
FP236383.2 -8.60554 5.457578 -157.788 0 0 1925.369
FP671120.4 -8.58582 5.464812 -156.76 0 0 1917.402
ANKHD1 -4.26189 3.413317 -155.416 0 0 1906.921
ACAD11 -3.32657 2.373162 -155.294 0 0 1905.971
CBWD5 -4.00438 2.944129 -152.563 0 0 1884.402
EEF1D -3.77282 6.967246 -150.509 0 0 1867.955
GTF2IP1 -4.45164 3.217918 -147.968 0 0 1847.323
SLX1A -3.90342 2.487477 -147.257 0 0 1841.492
AARSD1 -2.72754 3.419285 -146.946 0 0 1838.933
LIMD1-AS1 -2.12395 1.48131 -146.44 0 0 1834.767
MEMO1 -2.96218 2.820104 -146.034 0 0 1831.403
RBM4 -3.22088 4.409497 -145.28 0 0 1825.147

(Continued)
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these genes were associated with various cancer pathways,
including melanoma, endometrial cancer, prostate cancer, etc.;
they were also enriched in transcriptional dysregulation pathways
in cancer. In humans, dysregulation of genes such as cofactors and
chromatin can lead to many diseases (23). These genes are even
enriched in the melanoma pathway, suggesting that these genes are
strongly associated with melanoma. Besides, we screened for the
top 10 hub genes associated with melanoma based on how the
MCC score was calculated for the CytoHubba plugin in Cytoscape.
We also found that by analyzing the survival of melanoma patients
corresponding to high and low expression of these genes, five of the
top 10 hub genes were strongly associated with survival, and all
showed that high expression of the genes was associated with a low
prognosis in melanoma patients. Finally, we performed
immunohistochemical analysis using the HPA database and
showed that all four genes showed increased expression in
melanoma tumor tissues, whereas their expression was not
evident in normal tissues.

FOXM1, also known as Forkhead Box M1, is a gene that
encodes a protein that is a transcriptional activator involved in
cell proliferation. FOXM1 acts downstream of the PI3K-AKT
pathway, the Ras-ERK pathway, the JNK/p38MAPK signaling
TABLE 2 | Continued

id logFC AveExpr t P. Value adj. P. Val B

TPX2 2.923316 3.337959 48.93582 1.21E-295 3.49E-294 666.6618
CBWD2 -2.6548 2.865867 -144.03 0 0 1814.718
ATRIP -2.07223 1.378742 -143.514 0 0 1810.388
PSMA2 -3.10176 4.482894 -142.944 0 0 1805.587
CCZ1B -3.28051 3.403163 -142.938 0 0 1805.538
CMC4 -2.51744 1.594191 -142.923 0 0 1805.411
TEN1 -4.06633 2.761896 -141.258 0 0 1791.289
INO80B-WBP1 -2.89703 1.857204 -141.116 0 0 1790.079
RPL39 -4.41911 8.980427 -141.005 0 0 1789.13
CBWD1 -3.30889 2.794308 -140.982 0 0 1788.929
TOP3B -3.1789 2.223469 -140.981 0 0 1788.919
RPL21P16 -5.33883 6.932082 -139.741 0 0 1778.293
SNX15 -2.94194 2.13521 -139.636 0 0 1777.391
PDLIM2 -4.65201 4.800814 -139.272 0 0 1774.247
RPS15A -3.63592 8.609921 -138.656 0 0 1768.919
SERF1B -3.59774 2.582927 -137.965 0 0 1762.917
NPIPB5 -6.03868 4.198667 -137.514 0 0 1758.987
TREX1 -4.57687 2.897972 -135.122 0 0 1737.954
AC125611.3 -5.4162 3.434745 -134.031 0 0 1728.242
NDUFV2 -3.10642 4.693101 -133.939 0 0 1727.428
NPIPB3 -5.02126 3.613232 -133.427 0 0 1722.841
ARPC4-TTLL3 -3.05658 2.139033 -133.188 0 0 1720.697
ATXN3 -2.43806 2.558439 -132.717 0 0 1716.468
CDC20 2.434468 3.290483 34.57408 1.23E-185 1.45E-184 413.3673
WDR73 -2.31081 2.425118 -132.685 0 0 1716.175
AGAP5 -1.97576 1.318344 -131.963 0 0 1709.66
CCZ1 -3.07563 3.369659 -130.65 0 0 1697.731
NBPF10 -2.28028 1.696457 -129.814 0 0 1690.075
ASB3 -1.85253 1.913987 -128.674 0 0 1679.575
HNRNPCP2 3.389508 2.234573 127.7404 0 0 1670.918
RN7SL1 -5.42918 3.437632 -127.724 0 0 1670.761
OGFOD2 -2.30304 2.232653 -127.586 0 0 1669.478
H3F3A -3.73636 6.047482 -126.989 0 0 1663.912
SLX1A-SULT1A3 -2.75166 1.760848 -125.534 0 0 1650.232
AC139256.2 -3.3025 2.974018 -125.191 0 0 1646.99
EXO1 1.960164 1.554693 42.1115 4.53E-244 8.56E-243 547.9027
April
 2021 | Volume 11 | Artic
FIGURE 5 | The veen plots between DEGs and co-expression modules.
Geo_blue indicates the most significant module identified by WGCNA analysis of
GSE3189; UCSC Xena_diff indicates DEGs identified by the UCSC Xena database;
UCSC Xena_magenta indicates DEGs identified by WGCNA analysis The most
significant modules out; GEO_diff indicates DEGs identified by GSE3189.
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A

B

FIGURE 7 | Protein-protein interaction (PPI) network diagram of DEGs and visualization of the Hub gene. (A) shows the PPI network diagram derived from the
STRING input library; (B) shows the Hub gene identified by Cytohubba.
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cascade and is essential for cell proliferation, differentiation,
senescence, DNA damage and repair, and control of the cell
cycle (24). It has also been reported that FOXM1 was
overexpressed in a variety of human cancers and that the
oncogenic potential of this gene is based on its ability to
reactivate target genes involved in different stages of cancer
development (25). It has been shown that the positive feedback
of FOXM1 promotes the growth and invasion of gastric cancer
and that FOXM1 promotes gastric cancer progression by
interacting with PVT1 (26). FOXM1 has also been reported
in non-serious epithelial ovarian carcinoma: FOXM1 was
Frontiers in Oncology | www.frontiersin.org 14174
upregulated in all epithelial ovarian cancers (27). It has also
been shown that the FOXM1-PSMB4 axis can play a catalytic
role in the proliferation and development of cervical cancer
(28). More surprisingly, FOXM1 plays a vital role in many
other cancers (29–32). In our study, FOXM1 was upregulated
in tumor tissues compared to normal tissues, suggesting a
significant correlation with melanoma. Previous studies have
shown that higher levels of FOXM1 in tumor tissues have been
strongly associated with low prognosis in melanoma patients,
consistent with our study (33–35). Kinesin Family Member 20A
(KIF20A) is also a protein-encoding gene, and what is known
April 2021 | Volume 11 | Article 621430
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FIGURE 8 | Survival analysis. (A–J) shows the survival curves of the first 10 Hub genes. (K) shows the survival curves for high-risk and low-risk based on the
prognostic model.
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about the diseases associated with this gene is mainly familial
restriction Familial Isolated Restrictive Cardiomyopathy and
Charcot- Marie-Tooth Disease, Type 4C. Research has also
been conducted on the role of this gene in cancer. It has been
reported that patients with bladder cancer with high expression
of KIF20A have poorer tumor stages and that KIF20A promotes
metastasis and proliferation of bladder cancer cells (36). Also, it
has been shown that skin tumor thickness in KIF20A-positive
Frontiers in Oncology | www.frontiersin.org 15175
patients with primary melanoma is significantly greater than
skin tumor thickness in patients negative for this gene and
that KIF20A-positive patients are more likely to relapse earlier
(37). It is well known that while tumor recurrence has a
very significant relationship with patient prognosis, this
indirectly suggests that KIF20A is associated with survival in
melanoma patients, which is consistent with the results of our
study. The TPX2 Microtubule Nucleation Factor (TPX2) is a
A B

D E F

G IH

J

C

FIGURE 9 | Disease-free survival for the top 10 Hub genes. (A–J) show the curves of disease-free survival based on the GEPIA2 database.
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FIGURE 10 | Gene expression of the top 10 Hub genes in the metastasis and primary tumor groups. (A–J) demonstrate the differences in gene expression of the
top 10 Hub genes in the metastasis-bearing group and in the primary tumor group.
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protein-coding gene. The main diseases known to be associated
with the TPX2 gene include Capillary Leak Syndrome and
Colorectal Cancer. It has been shown that activation of TPX2
expression increases the invasion and proliferation of cervical
cancer, promoting cancer development (38). A study of TPX2
in esophageal cancer showed that the 5-year survival rate of
esophageal cancer patients with concomitant high TPX2
expression levels was significantly lower than that of
esophageal cancer patients with low TPX2 expression levels
(39). Interestingly, in our study, patients with high TPX2
expression of melanoma had a relatively shorter overall
survival than patients with low expression. Cell Division
Cycle 20 (CDC20) is also a protein-coding gene. The main
diseases known to be associated with this gene are Ceroid
Lipofuscinosis, Neuronal, 2. Back in 2015, there were reports
Frontiers in Oncology | www.frontiersin.org 17177
that CDC20 could be used as a novel cancer treatment modality
(40). In hepatocellular carcinoma, the upregulation of CDC20
expression predicted a decline in overall survival and disease-
free survival (41). Exonuclease 1 (EXO1) is a protein-coding
gene. Diseases associated with EXO1 include Werner’s
syndrome and Aicardi-Goutieres syndrome. In a recent
article on the regulation of bladder cancer cells by
phospholipase C-ϵ through EXO1, the authors noted that
gene expression of EXO1 was significantly higher in 72
bladder cancer tissue specimens than in 24 adjacent
paracancerous tissue samples (42). These five genes have been
well-reported in other cancers, and there is not enough
evidence to confirm their role in melanoma. In summary, the
expression of the five hub genes we studied were all strongly
associated with cancer, and in our study, high levels of
FIGURE 11 | Immunohistochemical plots of the five Hub genes associated with prognosis and statistical analysis of the positivity rate. (A1–M2) show the protein
expression of each gene in melanoma and in the paracancerous tissue. (P–T) shows the statistical analysis of the staining positivity rate for each gene in melanoma
and in the paracancerous tissue. **representative P-value < 0.01, ***representative P-value < 0.001.
April 2021 | Volume 11 | Article 621430
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expression of these genes were accompanied by shorter survival
times for melanoma patients.

Our study combines the WGCNA approach with the DEGs
approach through bioinformatics, searching for Hub genes
through CytoHubba, a Cytoscape plugin, performing GO
enrichment analysis and KEGG pathway analysis of the
resulting intersection genes, as well as gene expression of
different genes in the metastatic and primary tumor
groups, and for the top 10 hub genes Survival analysis and
prediction of disease-free survival with the GEPIA database
were performed. Finally, the accuracy of our analysis was
validated by immunohistochemistry experiments. The
protein expression of FOXM1, KIF20A, TPX2, CDC20, and
EXO1 was higher in melanoma than in paraneoplastic tissues,
consistent with our analysis results. Our study, like others, has
limitations regarding the different tumor types. Although we
identified potential prognostic genes between melanoma and
normal tissue using three different sources of databases with
two different bioinformatics analyses, it was less accurate for
each of the different subtypes of melanoma patients. Besides,
this study should have done more adequate experiments to
verify the role of the genes derived from our analysis
in melanoma.

In conclusion, by combining the WGCNA analysis method
with differentially expressed gene analysis, our study identified
the genes FOXM1, KIF20A, TPX2, CDC20, and EXO1 highly
correlated with survival melanoma patients and have the
potential to serve as a prognostic biomarker in melanoma.
Finally, we verified the accuracy and feasibility of our analysis
results through immunohistochemistry experiments.
CONCLUSION

FOXM1, KIF20A, TPX2, CDC20, and EXO1 are hub genes of
melanoma prognostic, and their high expression is strongly
associated with low prognosis in melanoma patients. FOXM1,
KIF20A, TPX2, CDC20, and EXO1 could be used as biomarkers
for melanoma diagnosis, treatment, and prognosis prediction.
Frontiers in Oncology | www.frontiersin.org 18178
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Melanoma is the utmost fatal kind of skin neoplasms. Molecular changes occurring during
the pathogenic processes of initiation and progression of melanoma are diverse and
include activating mutations in BRAF and NRAS genes, hyper-activation of PI3K/AKT
pathway, inactivation of p53 and alterations in CDK4/CDKN2A axis. Moreover, several
miRNAs have been identified to be implicated in the biology of melanoma through
modulation of expression of genes being involved in these pathways. In the current
review, we provide a summary of the bulk of information about the role of miRNAs in the
pathobiology of melanoma, their possible application as biomarkers and their emerging
role as therapeutic targets for this kind of skin cancer.

Keywords: miRNA, melanoma, biomarker, expression, polymorphism
INTRODUCTION

Arising from unrestrained proliferation of melanocytes, melanoma is the utmost fatal kind of skin
neoplasm (1). Though melanoma encompasses less than 5% of all skin cancers, it accounts for most
of skin neoplasms mortalities (2). When the cancer is diagnosed in early stages, surgical resection of
the tumor is the appropriate therapeutic options for enhancement of survival of patients. Yet, based
on the metastatic potential of melanoma, surgery is not satisfactory in advanced stages of melanoma
(3). Although the mortality rate of primary melanoma is about 11%, metastatic melanoma has a
poor prognosis resulting from inefficiency of conventional therapies (4, 5). Meanwhile, novel
therapeutic option might offer efficient methods for these patients. For instance,
immunotherapeutic approaches such as administration of Anti-PD1 (nivolumab,
pembrolizumab) alone, or the combination of anti-PD1 with anti-cytotoxic T lymphocyte-
associated protein 4 (CTLA4) ipilimumab has raised the survival of patients who suffer from
advanced stages of melanoma (6).

Targeted therapies, like combinations of BRAF inhibitors (Dabrafenib) and MEK inhibitors
(vemurafenib) are also frequently used on BRAFV600E mutant melanomas. Superficial spreading,
nodular, lentigo maligna and acral lentiginous melanomas represent the main types of melanoma
with the first one being the most frequent type (4). Ultraviolet radiation and melanocytic nevi are
two main risk factors for development of this kind of skin cancer (4). Molecular changes occurring
during the pathogenic processes of initiation and progression of melanoma are diverse and include
activating mutations in BRAF and NRAS genes, hyper-activation of PI3K/AKT pathway,
inactivation of p53 and alterations in CDK4/CDKN2A axis (4). In addition, several studies have
shown the critical role of microRNAs (miRNAs) both in the initiation and in the progression of
melanoma (7). These transcripts have sizes around 22 nucleotides and are generated through a
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multi-step process from DNA sequences into primary, precursor
and mature miRNAs, respectively. As a general rule, they
regulate gene expression through binding with complementary
sequences in the 3′ untranslated region (3′ UTR) of mRNAs and
subsequently lead to degradation and suppression of translation
of the target transcript. Less frequently, they interact with the 5′
UTR, coding or promoter regions (8). Moreover, there are some
reports of activation of translation of certain genes by miRNAs in
some situations. For instance, let-7 family of miRNAs can induce
translation when cell cycle is arrested in spite of their inhibitory
effects on translation during cell proliferation (9). Therefore,
miRNAs are regarded as important mediators of gene
expression. Besides, their presence in extracellular vesicles
provides them the opportunity to module communication
between various cells (8). In the current paper, we summarize
the bulk of information about the role of miRNAs in the
pathobiology of melanoma, their possible application as
biomarkers and their emerging role as therapeutic targets for
this kind of skin cancer.
DYSREGULATED MIRNAS IN MELANOMA

Expression pattern of miRNAs in melanoma cell lines and
clinical specimens has been assessed by both high throughput
and candidate gene approaches. An example of the former types
of studies is the study conducted by Zhang et al. (10). They
reported DNA copy number changes in miRNA coding genes in
the majority of the assessed melanoma samples. Notably, miRNA
copy alterations have been correlated with miRNA expression.
Moreover, they reported copy number alterations in genes
contributing in the biogenesis or function of miRNAs in tumor
samples (10). Through a microarray-based technique,
Aksenenko et al. have identified differential expression of 143
miRNAs between melanoma samples and adjacent skin tissues.
Among the dysregulated miRNAs has been the up-regulated
miRNA hsa-miR-146a-5p which has been predicted to
be associated with Toll-like receptor, NF-kB and ErB
pathways. Moreover, this miRNA has been shown to target
one of the most recurrently mutated genes in melanoma i.e.,
the NRAS gene (11).

miRNA also affect activity of melanoma-related signaling
pathways. Figure 1 depicts the functional association between
two miRNAs and AKT and NF-kB signaling pathways.

Expression profiling of miRNAs in melanocytes and
melanoma cells originated from primary or metastatic
melanoma cells has provided valuable data about the role of
miRNAs in each phase of cancer development. A panel of
miRNAs including miR-133a, miR-199b, miR-453, miR-520f,
miR-521, and miR-551b has been found consistently up-
regulated in the course of cancer development from
melanocytes to primary cancerous cell and from primary to
metastatic melanomas. On the other hand, miR-190 had the
opposite trend during this course. Furthermore, expressions of
miR-126, miR-29c, miR-506, miR-507, and miR-520d* have
been found to be increased during the early progression of
Frontiers in Oncology | www.frontiersin.org 2181
melanoma and have been decreased in the metastatic phase.
Two other miRNAs including miR-489 and miR-527 had the
opposite pattern of expression (15). Levati et al. have
demonstrated up-regulation of miR-17-5p, miR-18a, miR-20a,
and miR-92a while down-regulation of miR-146a, miR-146b and
miR-155 in most of assessed melanoma cell lines compared with
melanocytes (16).

Other studies have reported dysregulation of several other
miRNAs in the melanoma samples. Among up-regulated
miRNAs are miR-221 and miR-222 which induce malignant
features through decreasing expression of c-KIT receptor and
p27Kip. Both miRNAs promote epithelial-mesenchymal
transition (17, 18). Moreover, expression of miR-210 has been
demonstrated to be elevated in several cancer types including
melanoma. Its expression has been correlated with metastatic
potential of melanoma tumors. Up-regulation of miR-210 in
cancer cell lines facilitates evasion from hypoxia-induced cell
cycle arrest and partly upturned the hypoxic gene expression
profile. This miRNA has been revealed to target a known MYC
antagonist namely MNT. Therefore, miR-210 has been shown to
modulate the hypoxia response in cancer cells via regulating an
important transcriptional suppressor of the MYC-MAX axis
(19). In an attempt to detect the miRNAs that are regulated by
BRAFV600E mutation via the ERK pathway, Vitiello et al. have
conducted RNA sequencing on A375 cell line and a
vemurafenib-resistant clone. Their experiments have led to
identification of miR-204 and miR-211 as the utmost over-
expressed miRNAs by vemurafenib. In spite of belonging to an
identical miRNA family, miR-204 and miR-211 have
distinguishing characteristics. miR-204 is regulated by
STAT3 and its transcript levels are increased in amelanotic
melanoma cells, where it functions as a mediator of anti-
migratory effects of vemurafenib by modulating expression of
AP1S2. On the contrary, miR-211, as a direct target of
MITF, is over-expressed in melanotic melanoma cells.
miR-211 regulates expression of EDEM1 and subsequently
weakens the destruction of Tyrosinase. Thus, miR-211 is a
facilitator of pro-pigmentation function of vemurafenib
(20). Table 1 displays the list of over-expressed miRNAs
in melanoma.

Numerous tumor suppressor miRNAs have been down-
regulated in melanoma samples. For instance, while miR-34a is
constantly detected in normal melanocytes, it is not expressed in
uveal melanoma cells. Forced over-expression of this miRNA in
uveal melanoma cells remarkably diminishes their growth and
migratory abilities. Mechanistically, this miRNA inhibits
expression of c-Met protein and decreases the levels of
phosphorylated Akt and cell cycle-related proteins (83).
Besides, miR-34b, miR-34c, and miR-199a* have been shown
to down-regulate MET expression, suppressing the invasive
growth features in the melanoma cells (84). Furthermore,
expressions of the let-7 miRNAs have been shown to be
decreased in primary melanomas compared with benign nevus
samples. Forced up-regulation of let-7b in melanoma cells has
led to significant decrease in the expression of cyclins D1, D3,
and A, and CDK4. The functional interaction between let-7b and
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cyclin D1 has been verified through in vitro experiments (85).
The inhibitory effect of let-7a on expression of integrin beta 3 has
been verified in another study (86). In addition, functional
studies have shown the role of miR-155 in the suppression of
proliferation of a number of melanoma cell lines and induction
of apoptosis in these cells (16). Table 2 lists the down-regulated
miRNAs in melanoma.
DIAGNOSTIC/PROGNOSTIC MIRNAS
IN MELANOMA

Hanniford et al. have introduced a miRNA panel consisting of
miR-150-5p, miR-15b-5p, miR-16-5p, and miR-374b-3p whose
expression levels could predict the possibility of brain metastasis
of melanoma tumors along with clinical stage. Moreover,
Kaplan-Meier analysis showed the significance of this miRNA
panel in determination of brain-metastasis-free and overall
survival of patients with melanoma (273). Stark et al. have
assessed expression levels of 17 miRNAs in both melanoma
Frontiers in Oncology | www.frontiersin.org 3182
tissues and serum samples of these patients compared with
cancer-free individuals. Expression levels of these miRNAs in
melanoma samples have been shown to predict stage, recurrence,
and survival of patients. Notably, serum expression of a seven-
miRNA panel could distinguish melanoma patients from control
subjects with 93% sensitivity and more than 82% specificity if at
least 4 miRNAs were expressed. Based on the superiority of this
miRNA panel above the conventional serological biomarkers for
melanoma, it has been suggested as a tool for monitoring disease
course in early metastatic melanoma cases to identify relapse
after tumor excision or adjuvant therapy (23). Worley et al. have
used a high throughput technique to identify the miRNAs whose
expression profile could predict the metastatic potential of uveal
melanomas. Their approach led to identification of let-7b and
miR-199a as the most robust discriminators. Notably, expression
profile of six miRNAs could differentiate low and high risk
groups with optimal sensitivity and specificity values (274).
Table 3 shows the role of miRNAs in the prediction of
prognosis of melanoma using Kaplan-Meier or Cox
regression analyses.
FIGURE 1 | AKT phosphorylates FOXO1 to inhibit its nuclear translocation. FOXO1 has a role in the suppression of expression of PKC-iota in the nucleus. PKC-iota
is an inducer of NF-kB which enhances expression of inflammatory genes in the nucleus. Expression of miR-135-a is increased in melanoma. This miRNA binds with
the 3’ UTR of FOXO1 to decrease its expression (12, 13). On the other hand, miR-205 is decreased in melanoma. This miRNA inhibits expression of E2F1 through
binding with its 3’ UTR. E2F1 increases expression of MELK. MELK activates mTORC2 through binding with MLST8. mTORC2 has a role in phosphorylation and
activation of AKT (14).
April 2021 | Volume 11 | Article 608987
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TABLE 1 | List of over-expressed miRNAs in melanoma.

microRNA Samples Assessed cell lines Functional
analysis

Gene
interaction

Signaling
pathway

Association
with clinical
features

Function Reference

miR-211 SCID mice (SKMEL28 or
SK-P8-2 or 501-Mel and
501-Mel-P5-5 cell lines were
injected to mice)

SKMEL28,
vemurafenib-resistant
SKMEL28 and 501-Mel
cell lines

Yes – PI3K
signaling
pathway

– Has oncogenic role. Its
deletion attenuates
proliferation, invasion and
tumorigenicity and inhibits
PI3K signaling. Also
induces metabolic
vulnerability of melanoma
cells and sensitizes
vemurafenib resistant cells
to vemurafenib

(21)

miR-211-
5p

NOD/SCID/IL2gR-/- (NSG)
mice (A375 cell line was
injected to mice)

A375, SK-Mel-103,
SK-Mel-28, SK-Mel-
147

Yes NUAK1,
SLUG

– – Promotes proliferation and
induces resistance to
vemurafenib and MEK
inhibitor trametinib in
melanoma cells

(22)

miR-211-
5p

86 melanoma tissues,
serum samples from 130
healthy controls and 255
melanoma patients

– No – – Disease stage,
survival

A possible diagnostic
biomarker

(23)

miR-16 86 melanoma tissues,
serum samples from 130
healthy controls and 255
melanoma patients

– No – – Disease stage A possible diagnostic
biomarker

(23)

miR-204-
5p

NOD/SCID/IL2gR-/- (NSG)
mice (A375 cell line was
injected to mice)

A375, SK-Mel-103,
SK-Mel-28, SK-Mel-
147

Yes EFNB2,
NUAK1,
SLUG

– – Promotes proliferation and
induces resistance to
vemurafenib and MEK
inhibitor trametinib in
melanoma cells

(22)

miR-378 36 melanoma tissues and
paired ANTs, 14 Nude
athymic BalB/C mice (A875
cell line was injected to
mice)

A875, A375 Yes FOXN3 Wnt/b-
catenin
signaling
pathway

lymph node
metastasis

Induces migration and
invasion and activates
EMT process in melanoma
cells through
downregulation of FOXN3
and activation of Wnt/b-
catenin pathway

(24)

miR-378a-
5p

FFPE tissues specimens of
27 metastatic melanoma
and 13 in situ melanoma,
female mice (M14 cell line
was injected to mice)

M14, A375, SBCL1,
HUVEC

Yes STAMBP,
HOXD10

– – Enhances migration,
invasion and angiogenesis
ability of melanoma cells

(25)

miR-1908 71 paraffin-embedded
melanoma skin lesions,
NOD scid, NOD scid
gamma, athymic nu/nu, and
C57Bl6 mice (MeWo-LM2
cell line was injected to
mice)

MeWo-LM2, A375, SK-
Mel-2, WM-266-4, HT-
144, A2058, HUVECs

Yes ApoE,
DNAJA4

ApoE
signaling

shorter
metastasis-free
survival

Augments invasion,
metastasis, metastatic
endothelial recruitment
(MER) and angiogenesis in
melanoma cells through
targeting ApoE and
DNAJA4

(26)

miR-199a-
3p

Yes ApoE,
DNAJA4

ApoE
signaling

shorter
metastasis-free
survival

(26)

miR-199a-
5p

Yes ApoE,
DNAJA4

ApoE
signaling

shorter
metastasis-free
survival

(26)

miR-106b 97 primary cutaneous
melanoma tissue samples,
17 melanoma metastases,
15 dysplastic nevi

– No – – Poor
prognosis,
Breslow
thickness,
tumor
ulceration,
advanced
clinical stage

May implicate in
progression of cutaneous
melanoma and can be a
potential prognostic
biomarker

(27)

miR-106a – A375, A2058, HEMn, Yes Cx43 – – Enhances melanoma cells
proliferation via
suppression of Cx43

(28)

(Continued)
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TABLE 1 | Continued

microRNA Samples Assessed cell lines Functional
analysis

Gene
interaction

Signaling
pathway

Association
with clinical
features

Function Reference

miR-146a FFPE tissue specimens of
22 primary melanoma
tumors, 18 nevocellular nevi,
13 healthy skin samples,
wild type and miR146a-/-
C57BL/6 mice (B16.F10 cell
line was injected to mice)

B16.F10 Yes Stat1 – TNM stage Negatively regulates
immune responses. also
affects proliferation,
migration and
mitochondrial fitness of
melanoma cells through
regulating STAT1/IFNg axis

(29)

miR-146a Mice (A375 cell line was
injected to mice)

A375, MA-1, MC-1,
MA-2, MC-2, WK-Mel

Yes LFNG,
NUMB,
ITGAV,
ROCK1

NOTCH/
PTEN/Akt
pathway

– Has dual function. It
enhances melanoma cell
growth but inhibits
metastasis formation (and
is poorly expressed in
circulating tumor cells)

(30)

miR-146a 10 primary melanoma and
nevus tissues from the same
patients and 15 primary
melanoma tissues and
metastases from the same
patients

WI-38, IMR-90t, 293T,
SKMEL28

Yes NUMB Notch
signaling
pathway

– Increases proliferative
ability and tumorigenecity
of melanoma cells through
targeting NUMB

(31)

miR-146a 55 melanoma tissues and
paired ANTs

A375, WM115, M14,
G361, HACAT

Yes SMAD4 – TNM stage,
lymph node
metastasis

Promotes migration and
invasion of melanoma cells
through targeting SMAD4

(32)

miR-10b FFPE tissue specimens of
40 primary melanomas that
are metastasis-free, 39
primary melanomas with
metastasis, 32 metastases

– No – – Tumor
metastasis

Is a potential prognostic
biomarker in detection of
thicker melanomas that
have enhanced risk of
metastasis

(33)

miR-10b – Mel 505, PMWK, sk-
mel-28, sk-mel-24,
VMM39, MEL 224,
YUHEF, YUROB,

Yes – – – Its expression positively
correlates with B-
RafV600E mutation and
increases anchorage-
independent growth of B-
Raf wild-type melanoma
cells

(34)

miR-10b 78 melanoma tissues and
30 non-tumor skin samples,
nude mice (A375 cell line
was injected to mice)

A375, SK-MEL-1, SK-
MEL-28, WM451,
human primary
melanocytes

Yes ITCH Wnt/b-
catenin
signaling
pathway

Overall survival Its knockdown results in
ITCH-mediated
suppression of
proliferation, migration and
invasion in melanoma
cells.

(35)

miR-21 67 malignant melanoma
tissue and 67 normal control
skin samples

– No PDCD4 – tumor size,
higher Clark
classification
level, lymph
node
metastases

Can be a possible
biomarker or therapeutic
target in melanoma

(36)

miR-21 86 primary cutaneous
melanomas tissues, 10
melanoma metastases, 10
dysplastic nevi samples

HTB-67, A375 Yes – – Overall survival,
Breslow
thickness,
advanced
clinical stage,

Its silencing suppresses
growth and increases
apoptosis,
chemosensitivity and
radiosensitivity of
melanoma cells

(37)

miR-21 12 FFPE primary melanoma
tissues and 12 melanocytic
nevi

WM9, WM35b,
WM451, WM793,
WM951,
WM1205, SKMel23,
SKMel113, MV3,
MEWO

Yes Cdc25a – Recurrence-
free survival,
overall survival

Its downregulation
promotes apoptosis.

(38)

miR-21 female 01B74 Athymic NCr-
nu/nu mice (A375 cell line
was injected to mice)

WM1552c, WM793b,
MEL 39, A375

Yes TIMP3 – – Increases invasive ability of
melanoma cells through
targeting TIMP3

(39)
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microRNA Samples Assessed cell lines Functional
analysis

Gene
interaction

Signaling
pathway

Association
with clinical
features

Function Reference

miR-21 45 melanoma tissues and
ANTs

A375 Yes SPRY1,
PDCD4,
PTEN

ERK/NF-
kB
signaling
pathway

histological
differentiation,
TNM stage,
lymphatic
metastasis

Its inhibition decreases
proliferation, migration and
invasion and induces
apoptosis

(40)

miR-21 BALB/c nude mice (OCM-1
cell line was injected to
mice)

OCM-1, M619, MuM-
2B

Yes p53 – – Promotes proliferation,
migration and invasion of
melanoma cells through
targeting p53

(41)

miR-21-5p 20 melanoma tissues and
paired ANTs

A375, M14 Yes CDKN2C – – Enhances proliferation and
cell cycle G1/S transition
in melanoma cells through
targeting CDKN2C

(42)

miR-652 26 uveal melanoma tissues
and paired ANTs

MUM-2B, MEL270,
ARPE-19

Yes HOXA9 HIF-
1alpha
signaling

– Increases proliferation and
migration in uveal
melanoma cell through
promoting HIF-1alpha
signaling by suppression
of HOXA9

(43)

miR-367 28 uveal melanoma tissues
and paired ANTs

M17, M23, MUM-2B,
C918, um95

Yes PTEN – – Enhances proliferation and
migration in uveal
melanoma cell via
targeting PTEN

(44)

miR-4286 FFPE specimens of 16
melanoma tissues and 3
melanocytic nevi samples

BRO, SK-MEL-1 Yes APLN,
FPGS,
GPR55,
HMGA1,
RRN3,
TP523

– – Its inhibition results in
decreased proliferation
and increased apoptosis.

(45)

miR-367 50 melanoma tissues and
25 benign nevi tissues, 6
Nude mice (A375 cell line
was injected to mice)

A375, WM35, SK-
MEL-5, SK-MEL-2,
HEMa-LP

Yes PTEN – Decreased
overall survival,
tumor
thickness,
TNM stage,
lymph node
involvement,
distant
metastasis

Elevates proliferation,
migration and invasion in
cutaneous melanoma cells
through targeting PTEN

(46)

miR-638 7 primary melanomas, 9
lymph node metastases,
and 8 remote skin
metastases

BRO, A-375, HT144,
RPM-MC, 1F6, HEM,
SK-Mel-147, SK-Mel-
28

Yes TP53INP2 p53
signaling
pathway

– Enhances proliferation and
invasion of melanoma cells
and prevents apoptosis
and autophagy via
targeting TP53INP2

(47)

miR-338-
5p

46 melanoma tissues and
25 normal nevi samples,
Nude mice (A375 cell line
was injected to mice)

A375, WM35, SK-
MEL-5, SK-MEL-2,
HEMa-LP

Yes CD82 AKT
pathway

Poor
Prognosis,
patients
survival, tumor
stage,
metastasis

Promotes proliferation and
metastasis via targeting
CD82

(48)

miR-363-
3p

– A2058, WM793B Yes p21 – – Promotes stemness of
melanoma cells via
suppression of p21

(49)

miR-15b 128 FFPE tissues of primary
melanomas and 11
melanocytic nevi samples

WM9, WM35, WM451,
WM793, WM951,
WM1205, SKMel23,
SKMel113, MV3,
MeWo

Yes – – Overall survival Its knockdown decreases
proliferation and induces
apoptosis.

(50)

miR-454 25 uveal melanoma tissues
and ANTs

OCM‐1A, MUM‐2C,
C918, MUM‐2B, D78

Yes PTEN – – Promotes cell proliferation,
colony formation and
invasion uveal melanoma
cells

(51)
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miR-214 57 primary melanoma
tissues, 13 in situ
melanomas and 18
cutaneous metastases,
female CD1 nude mice
(A375 or 106 WK‐Mel, GR4‐
Mel, 1300‐Mel, SK‐Mel‐173
and SK‐Mel‐197 cell lines
were injected to mice)

293T, MDA-MB-231,
4T1, A375, 1300-Mel,
GR4-Mel, WK-Mel,
Dett-Mel, SK-MEL-103,
SK-MEL-173, SK-MEL-
187, SK-MEL-197,
HEMa-LP

Yes TFAP2C – – Enhances cell movement
and metastasis via
suppression of TFAP2C

(52)

miR-122-
5p

Human melanoma tissues
and pigmented nevus
tissues

293T, SK-MEL-110,
A375

Yes NOP14 – – Its inhibition represses
proliferation and induces
cell cycle arrest at G1
phases through regulation
of NOP14

(53)

miR-182 22 primary melanoma
tissues, 59 metastatic
melanoma tissues and 19
nevi samples, C57BL/6J
mice (B16F10 cell line was
injected to mice)

SK-MEL-19, SK-MEL-
29, SK-MEL-85, SK-
MEL-94, SK-MEL-100,
SK-MEL-103, SK-MEL-
147, SK-MEL-173, SK-
MEL-187, SK-MEL-
192, SK-MEL-197,
501mel, HEK293T,
A375, B16F10, WM35

Yes FOXO3,
MITF-M

– – Enhances migration,
invasion and metastasis in
melanoma cells through
suppression of FOXO3
and MITF-M expression

(54)

miR-221 Serum samples from 72
cutaneous malignant
melanoma and 54 healthy
controls

– No – – Patient survival,
tumor
thickness,
differentiation,
T classification,
N classification,
metastasis,
advanced
clinical stage

Can be a potential
prognostic biomarker in
cutaneous melanoma

(55)

miR-221 – WM35, WM983A,
WM164, 1205Lu

Yes cKit, p27
(Kip1)

– – Promotes proliferation of
melanoma cells through
targeting cKit and p27.
Also its inhibition induces
apoptosis

(18)

miR-767 8 melanoma tissues and
ANTs

MeWo, MHEM, A375,
WM-115, UACC257,
WM35, A7, PEM

Yes CYLD – – Enhances proliferation of
melanoma cells through
inhibition of CYLD

(56)

miR-135a 20 melanoma tissues and
paired ANTs

HEM, sk-mel-1, A375 Yes FOXO1 AKT
signaling
pathway

– Promotes melanoma cells
proliferation, tumorigenicity
and cell cycle progression
via targeting FOXO1

(12)

miR-135b 20 melanoma tissues and
paired ANTs

A-375 Yes LATS2 – – Its inhibition decreases
proliferation and migration
and induces apoptosis in
melanoma cells

(57)

miR-25 – A875, MV3, M14,
uacc-257, HEM-a

Yes RBM47 PI3K/Akt/
mTOR
signaling
pathway

– Promotes proliferation and
migration of melanoma
cells through targeting
RBM47

(58)

miR-25 30 primary melanoma
tissues and related non-
cancerous skin samples

HEM, MV3, SK-HEP-1,
A375

Yes DKK3 WNT/b-
Catenin
signaling
Pathway

– Enhances proliferation and
invasion in melanoma cells
via targeting DKK3

(59)

miR-125a 22 melanoma tissue SK-MEL-239, A375,
451Lu

Yes BAK1,
MLK3

– – Promotes BRAF inhibitors
resistance through
inhibition of intrinsic
apoptotic pathway by
targeting BAK1 and MLK3

(60)
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miR−106b
−5p

18 primary melanoma
tissues and 18 benign nevi

SK-MEL-1, A-375,
HEM

Yes PTEN Akt/ERK
signaling
pathway

– Promotes proliferation and
progression of melanoma
through targeting PTEN
and regulation of Akt/ERK
pathway

(61)

miR-181b 3 uveal melanoma tissues
and 3 normal tissues

SP6.5, VUP, OCM1,
92-1, MUM2b

Yes CTDSPL – – Promotes cell cycle
progression in uveal
melanoma cells through
targeting CTDSPL

(62)

miR-769 8 melanoma tissues and
ANTs

g MHEM, SK-MEL-28,
WM-115, UACC257,
A375, A7, MeWo, PEM

Yes GSK3B – – Enhances proliferation of
melanoma cells via
targeting GSK3B and
suppression of its
expression

(63)

miR−20a 10 uveal melanoma tissues
and 10 normal uveal tissues

MUM-2B, MUM-2C,
D78

Yes – – – Promotes proliferation,
migration and invasion in
uveal melanoma cells

(64)

miR-30d 109 primary melanoma
tissues and 17 melanoma
metastases

HEK293T, A375,
B16F10, WM35,
WM98

Yes GALNT7 – Overall survival,
tumor
thickness,
tumor stage,
shorter time to
recurrence

Promotes metastatic
capacity of melanoma cells
through targeting GALNT7

(65)

miR-30b 109 primary melanoma
tissues and 17 melanoma
metastases

HEK293T, A375,
B16F10, WM35,
WM98

Yes – – Overall survival,
tumor
thickness,
tumor stage,
shorter time to
recurrence

Promotes metastatic
capacity of melanoma cells

(65)

miR-224 Primary melanoma tissues
and melanoma metastases,
athymic NMRI nude mice

SK-Mel-28, SK-Mel-29,
SK-Mel-103, SK-Mel-
147

Yes TXNIP – – Increases migration and
invasion and induces EMT
process through targeting
TXNIP

(66)

miR-452 Primary melanoma tissues
and melanoma metastases,
athymic NMRI nude mice

SK-Mel-28, SK-Mel-29,
SK-Mel-103, SK-Mel-
147

Yes TXNIP – – Increases migration and
invasion and induces EMT
process through targeting
TXNIP

(66)

miR-19b 14 melanoma tissues,
C57BL/6 mice

293T, A2058,
CRL1579, SKMEL28,
G361, HNEM

Yes PITX1 – – Regulates proliferation and
hTERT expression in
melanoma cells through
targeting PITX1

(67)

miR-3151 21 RNA samples of
melanoma patients

MM A375, Mel-39,
MeWo, HEK293, A375

Yes TP53 – – Its knockdown induces
TP53-mediated inhibition
of proliferation and
promotion of apoptosis in
melanoma cells

(68)

miR-301a 46 melanoma tissues and
18 benign melanocytic naevi

SK-MEL-1, A-375 Yes PTEN Akt and
FAK
signaling
pathways

Poor
prognosis,
metastasis

Its inhibition suppresses
proliferation, colony
formation, migration and
invasion in melanoma cells
through targeting PTEN.

(69)

miR-4262 110 cutaneous melanoma
tissues and ANTs

HACAT, HFF, A375,
Malme-3M, SK-MEL-2,
SK-MEL-5, M14

Yes KLF6 – – Promotes proliferation of
melanoma cells through
targeting KLF6

(70)

miRNA-
106b

Female athymic nude mice
(A375 cell line was injected
to mice)

A375, Hs294t, SK-
Mel28, SK-Mel 119,
Mel 1241, Mel 1011,
Mel 928, NHEM

Yes – – – Its downregulation inhibits
melanoma cells
proliferation and induces
cell cycle arrest at G1
phase

(71)
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Receiver operating characteristic (ROC) curves have been
used to assess the diagnostic or prognostic values of miRNAs in
melanoma. Based on the area under curve (AUC) values, several
miRNAs can be suggested as appropriate biomarkers for this
Frontiers in Oncology | www.frontiersin.org 9188
kind of cancer. In the field of miRNA application in melanoma
diagnosis, these curves depict the diagnostic capability of
expression level of a miRNA as a binary classifier system for
detection of melanoma cases as its discrimination threshold is
TABLE 1 | Continued

microRNA Samples Assessed cell lines Functional
analysis

Gene
interaction

Signaling
pathway

Association
with clinical
features

Function Reference

miR-519d 21 primary melanoma
tissues, 19 normal skin and
21 metastatic melanoma
samples, C.B-17/Icr-scid
mice (A2058 cell line was
injected to mice)

A2058, SK-Mel-28,
A375, SK-Mel-90,
MeWo

Yes EphA4 ERK1/2
signaling
pathway

– Promotes proliferation,
migration and invasion of
melanoma cells via
downregulation of EphA4

(72)

miR-370 41 melanoma tissues and
ANTs, BALB/c nude mice
(A375 cell line was injected
to mice)

SK-MEL-1, A375,
HEMn-LP

Yes PDHB – TNM stage Promotes proliferation,
invasion and glycolysis in
melanoma cells and
induces apoptosis through
targeting PDHB

(73)

miR-373 16 melanoma tissues and
normal skin samples

A375, WM115, WM75,
mela

Yes SIK1 – – Promotes migration of
melanoma cells through
targeting SIK1

(74)

miR-92a 75 melanoma tissues and
paired ANTs

A375.S2, A7, MeWo,
RPMI-7951, SK-MEL-
5, SK-MEL-24,
SKMEL-28, PEM

Yes – – Overall survival,
tumor stage,
lymph node
metastasis,
distant
metastasis

Its knockdown suppresses
proliferation and migration
of melanoma cells

(75)

miR-517 62 melanoma tissues and
40 normal skin tissues

HACAT, A375, G-361,
OCM-1

Yes CDKN1C JNK
signaling
pathway

– Its silencing induces
oxidative stress injury in
melanoma cells through
upregulation of CDKN1C
and inactivation of JNK
signaling pathway

(76)

miR-27a 43 paraffin‐embedded
melanoma tissues and 22
pigmented nevus samples,
female BALB/c nude mice
(A375 cell line was injected
to mice)

Mel‐RM, A375 Yes SYK mTOR
signaling
pathway

TNM staging,
lymph node
metastasis

Its silencing promotes
autophagy and apoptosis
in melanoma cells through
SYK-mediated modulation
of mTOR signaling
pathway

(77)

miR-186 8 melanoma tissues and
ANTs

A375-S2, SKMEL-28,
SKMEL-5, MeWO,
RPMI-7951, NHEM

Yes CYLD – – Enhances proliferation and
anchorage-independent
growth of melanoma cells
via downregulation of
CYLD

(78)

miR-1246 Tissues from 43 melanoma
patients

HEM, A375, A2058 Yes FOXA2 – – promoted cell viability and
metastasis in melanoma
cells via targeting FOXA2

(79)

miR-150 20 melanoma tissues and
paired ANTs

M14, A357, WM115,
NHEM

Yes PDCD4 – – Its silencing inhibits cell
proliferation, migration and
invasion and induces
apoptosis in melanoma
cells.

(80)

miR-520f 10 melanoma and paired
ANTs

UACC257, WM-115,
A7, MeWo, A375,
NHEM, WM-115, PEM

Yes ITCH – – Promotes proliferation,
colony construction and
anchorage-independent
growth in melanoma cells
via targeting ITCH

(81)

miR−633 11 melanoma tissues and
10 ANTs

A375, A2058, B16,
MEL-RM and M21

Yes KAI1 – – Raises migratory ability
and proliferation of
melanoma cells via
targeting KAI1 and
reducing KAI1 expression

(82)
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TABLE 2 | List of under-expressed miRNAs in melanoma.

microRNA Samples Assessed cell lines Functional
analysis

Gene
interaction

Signaling
pathway

Association
with clinical
features

Function Reference

miR-429 6 BALB/c-nu mice (A375
cell line was injected to
mice)

A-375, 293T Yes AKT1 – – Represses proliferation and
migration of melanoma cells
by targeting AKT1

(87)

miR-429-
5p

55 melanoma tissues and
normal skin tissues

A375, PEM Yes LIMK1 – Tumor
thickness,
tumor stage

Blocks migration and
invasion of melanoma cells
through targeting LIMK1

(88)

miRNA-
326

23 melanoma tissues and
paired ANTs

SK-MEL-28, A375,
HT144, A2058, HEMs

Yes KRAS AKT and
ERK
signaling
pathways

– Suppresses cell proliferation
and invasion and promotes
apoptosis through
downregulation of KRAS
and inactivating AKT and
ERK signaling pathways

(89)

miR-34b 5 uveal melanoma tissues
and ANTs

SP6.5 Yes c-Met – – Its overexpression
expression inhibits
melanoma cells proliferation
and migration and induces
cell cycle arrest by targeting
c-Met

(90)

miR-34c 5 uveal melanoma tissues
and ANTs

SP6.5 Yes c-Met – – Its overexpression
expression inhibits
melanoma cells proliferation
and migration and induces
cell cycle arrest by targeting
c-Met.

(90)

miR-34a – M17, M23, SP6.5, U-
96

Yes LGR4,
MMP2

– – Its overexpression
decreases migration and
invasion of uveal melanoma
cells through targeting LGR4
and regulation of EMT
process.

(91)

miR-34a 6 in situ melanoma tissues,
6 metastatic melanoma
tissues, 6 nevi tissue and 18
ANTs

WM35, WM451, A375 Yes FLOT2 – – Its overexpression represses
proliferation and metastasis
in melanoma cells via
targeting FLOT2.

(92)

miR-34a 3 uveal melanoma tissues M17, M21, M23,
SP6.5, D78, HEK-293

Yes c-Met Akt and
ERK1/2
signaling
pathways

– Suppresses proliferation and
migration of uveal melanoma
cells through downregulation
of c-Met

(83)

miR-34a Fifteen patient-derived
primary cultures of
melanoma, SCID-NOD mice
(HAG cell line was injected
to mice)

C8161 (HAG), C81-61
(PAG)

Yes – – – Suppresses proliferation,
invasion and tube formation
in melanoma cells

(93)

miR-184 Fifteen patient-derived
primary cultures of
melanoma, SCID-NOD mice
(HAG cell line was injected
to mice)

C8161 (HAG), C81-61
(PAG)

Yes – – – Suppresses proliferation,
invasion and tube formation
in melanoma cells

(93)

miR-182 Uveal melanoma tissues
and normal uveal tissues,
Female nude mice (M23 and
SP6.5 cell lines were
injected to mice)

M23, SP6.5, HEK-293 Yes MITF,
BCL2 and
cyclin D2

Akt and
ERK1/2
signaling
pathways

– Inhibits cell proliferation,
migration and invasion and
promotes apoptosis in
melanoma cells

(94)

miR-185 Fifteen patient-derived
primary cultures of
melanoma, SCID-NOD mice
(HAG cell line was injected
to mice)

C8161 (HAG), C81-61
(PAG)

Yes – – – Suppresses proliferation,
invasion and tube formation
in melanoma cells

(93)

miR-185 52 cutaneous melanoma
tissues, 41 uveal melanoma

G361, GR-M, OCM-1 Yes IL-10Ra – – Its ectopic expression
decreases proliferation of all

(95)
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tissues and 35 normal skin
specimens

melanoma cell lines through
targeting IL-10Ra

miR-204 Fifteen patient-derived
primary cultures of
melanoma, SCID-NOD mice
(HAG cell line was injected
to mice)

C8161 (HAG), C81-61
(PAG)

Yes – – – Suppresses proliferation,
invasion and tube formation
in melanoma cells

(93)

miR-365 Skin Cutaneous Melanoma
(SKCM) dataset for 470
melanoma samples was
downloaded from TCGA

NHEM, A375, A2058,
SK-MEL-2, SK-MEL-28

Yes BCL2,
CCND1

– – Inhibits cell proliferation,
migration and invasion and
promotes apoptosis in
melanoma cells.

(96)

miR-365 40 melanoma tissues and
paired ANTs, female BALB/
c nude mice (A375 cell line
was injected to mice)

A375, G361, LIBR,
HME1

Yes NRP1 – lymph node
metastasis,
clinical stage,
overall
survival,
relapse-free
survival

Inhibits melanoma growth
and metastasis by targeting
NRP1

(97)

miR-485-
5p

20 human primary
melanoma tissues and
paired ANTs

A375, SK-HEP-1, SK-
MEL-1, MV3, HPM

Yes FZD7 wnt
signaling
pathway

– Suppresses proliferation and
invasion of melanoma cells
through targeting FZD7 and
consequently inhibition of
wnt signaling

(98)

miR-612 89 melanoma tissues and
paired ANTs, nude mice
(A375 cell line was injected
to mice)

SK-MEL-28, SK-MEL-
3, A375,
HT-144, Hs294T,
HEM, HEK293T

Yes Espin – melanoma
thickness,
lymph node
metastasis,
poor survival

Its overexpression inhibits
melanoma growth, migration
and invasion through
downregulation of Espin also
sensitizes melanoma cells to
doxorubicin

(99)

miR-7-5p 20 male NOD.CB17-
Prkdcscid Il2rgtm1Wjl/SzJ
(NSG) mice (1205Lu cell line
was injected to mice)

WM266-4, SK-MEL-2,
A2058, 1205Lu

Yes RelA NF-kB
signaling
pathway

– Inhibits cell proliferation,
migration and invasion in
melanoma via inhibiting RelA
and reducing activity of NF-
kB signaling

(100)

miR-7-5p – WM266-4, A375,
A2058

Yes IRS-2 Akt
signaling
pathway

– Inhibits migration and
invasion of melanoma cells
through targeting IRS-2 and
inhibition of Akt signaling

(101)

miR-7 BALB/c nude mice (A375
cell line was injected to
mice)

A375, Mel-CV Yes EGFR, IGF-
1R, CRAF

MAPK and
PI3K/AKT
signaling
pathways

– Its upregulation reverses
BRAF inhibitor resistance in
melanoma cells through
inhibition of MAPK and
PI3K/AKT signaling
pathways

(102)

miR-153-
3p

20 melanoma tissues and
matched ANTs

A375, SK-MEL-28,
D78

Yes SNAI1 – – Its overexpression represses
proliferation and invasion
and induces apoptosis by
downregulating SNAI1

(103)

miR-625 30 melanoma tissues and
paired ANTs, SPF grade
male BALB/c nude mice
(A375 cell line was injected
to mice)

A375, M14 Yes SOX2 – – Inhibits proliferation,
migration and invasion of
melanoma cells by targeting
SOX2

(104)

miR-23a 30 specific-pathogen‐free
(SPF) closed colony male
ICR mice (B16 cell line was
injected to mice)

B16 Yes SDCBP MAPK/
ERK
Signaling
Pathway

– Its overexpression
decreases proliferation,
migration and invasion and
induces cell cycle arrest at
G1 phase and apoptosis in
melanoma cells via
suppression of SDCBP

(105)
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expression and regulation of
MAPK/ERK Signaling

miR-23a Serum samples from 192
melanoma cases and 51
matched cancer-free
controls, tissue specimens
from 66 melanoma cases
and 22 nevus cases, female
BALB/C-Nu nude mice
(A2058 cell line was injected
to mice)

WM35, WM793,
451LU, A2058, A375

Yes ATG12 AMPK-
RhoA
pathway

Patient
survival,
tumor
thickness,
ulceration,
AJCC stage

Decreases migration and
invasion in melanoma cells
through targeting ATG12
and regulation of autophagy

(106)

miR-23b 114 primary melanoma
tissues and ANTs, Nude
mice (A375 and SK-MEL-28
cell lines were injected to
mice)

A375, Hs294t, SK-
MEL-5, SK-MEL-28,
B16F10, nHEM

Yes NAMPT NF-kB
signaling
pathway

Patient
survival,
Clark level,
sentinel-
lymph-node
positive,
AJCC stage

Suppresses cell proliferation
and angiogenesis and
promotes apoptosis through
targeting NAMPT

(107)

miR-23a-
3p

117 mucosal melanoma and
12 mucosal nevi, female
NOD/SCID mice (HMVII cell
line was injected to mice)

GAK, VMRC-MELG,
HMVII, HEK293T

Yes ADCY1 cAMP and
MAPK
signaling
pathways

TNM stage,
poor overall
survival and
disease free
survival

Inhibits proliferation,
migration and invasion of
mucosal melanoma cells
through targeting ADCY1
and inhibition of cAMP and
MAPK signaling pathways

(108)

miR-15a 24 C57BL/6 mice (B16-F10
cell line was injected to
mice)

A375, SK-MEL-28,
WM1552C, B16-F10

Yes CDCA4,
AKT3

– – Inhibits cell proliferation,
migration and invasion and
contributes to cell cycle
arrest at G1/G0 phase
through targeting CDCA4

(109)

miR-15a 52 cutaneous melanoma
tissues, 41 uveal melanoma
tissues and 35 normal skin
specimens

G361, GR-M, OCM-1 Yes IL-10Ra – – Its ectopic expression
decreases proliferation of all
melanoma cell lines through
targeting IL-10Ra

(95)

miR-143-
3p

30 formalin fixed paraffin-
embedded (FFPE) primary
melanoma lesions and
lymph node

NHEM, Sk-Mel-28,
A375, WM983A,
WM1862

Yes COX-2 – – Represses cell proliferation,
migration and invasion and
induces apoptosis through
targeting COX-2

(110)

miR-143 – NHEM, WM115, SK-
Mel-28, A2058

Yes – – – Its overexpression inhibits
cell proliferation and induces
apoptosis in melanoma cells

(111)

miR-708 60 C57BL/6J male mice
(B16 cell line was injected to
mice)

B16, B16F10, HEK293 Yes BAMBI Wnt
Signaling
Pathway,
TGF-b
Signaling
Pathway

– Its overexpression
decreases proliferation,
migration and invasion and
induces apoptosis in
melanoma cells through
targeting BAMBI and
activation of TGF-b Pathway
and suppression of Wnt
pathway

(112)

miR-708 40 clean male Kunming
mice (B16 cell line was
injected to mice)

B16, A375, WM239,
WM451

Yes LEF1 Wnt
signaling
pathway

– Its overexpression
expression inhibits
proliferation, migration and
invasion and induces
apoptosis in melanoma cell
through targeting LEF1

(113)

miR-216b 30 melanoma tissues and
ANTs, NOD-SCID mice
(A375 cell line was injected
to mice)

HEK-293T, A375,
A875, SK-MEL-1,
HaCaT

Yes FOXM1 FOXM1
signaling
pathway

– Decreases proliferation,
migration and colony
formation ability of
melanoma cells by targeting
FOXM1

(114)
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miR-216a-
5p

86 uveal melanoma tissues,
nude mice (A375 cell line
was injected to mice)

HEK293T, A375,
MUM-2B,

Yes HK2 – Patient
survival

Suppresses proliferation and
dampens glycolysis in
melanoma cell via targeting
HK2

(115)

miR-150-
5p

nude mice (A375 cell line
was injected to mice)

A375, SK-MEL-2,
HEK293T

Yes SIX1 – – Inhibits proliferation,
migration and invasion of
melanoma cells through
SIX1-mediated regulation of
glycolysis

(116)

miR-150 51 melanoma tissues and
paired ANTs, BALB/c nude
mice (A375 cell line was
injected to mice)

MeWo, MHEM,
A375, WM-115,
WM35, PEM

Yes MYB – Patient
prognosis

Represses proliferation,
migration and invasion of
melanoma cells by inhibition
of MYB

(117)

miR-150-
5p

52 serum samples from
stage III and 40 serum
samples from stage IV
patients, 76 stage III and 10
stage IV FFPE tissue
samples

– No – – Patient
survival,

A potential prognostic
biomarker

(118)

miR-142-
3p

52 serum samples from
stage III and 40 serum
samples from stage IV
patients, 76 stage III and 10
stage IV FFPE tissue
samples

– No – – Patient
survival,
disease
stage

A potential prognostic
biomarker

(118)

miR-142-
5p

52 serum samples from
stage III and 40 serum
samples from stage IV
patients, 76 stage III and 10
stage IV FFPE tissue
samples

– No – – Patient
survival,
disease
stage

A potential prognostic
biomarker

(118)

miR-136 40 male Kunming mice (B16
cell line was injected to
mice)

B16, A375, WM239,
WM451

Yes PMEL Wnt
signaling
pathway

– Its overexpression
suppresses proliferation,
migration, invasion and EMT
process and induces
apoptosis in melanoma cells
by targeting PMEL and
inhibition of Wnt signaling
pathway

(119)

miR-214 RNA‐seq data of 342
melanoma tumors were
downloaded from TCGA

MRA2, MRA4, MRA5,
MRA6, MRA9

Yes ANKRD6,
CTBP1

– – Its overexpression enhances
malignant properties of
melanoma cells and induces
drug resistance in these cells
through targeting negative
regulators of Wnt signaling.

(120)

miR-125b 48 primary melanoma
tissues, 36 lymph nodes
metastases and 12
neoplastic skin samples,
Female athymic BALB/c
nude mice (Mel lm cell line
was injected to mice)

NHEM, Mel Im, Mel Ju,
Mel Ho, A375

Yes ITGA9 – – Inhibits proliferation, invasion
and EMT process in
melanoma cells by targeting
ITGA9

(121)

miR-125b 68 primary malignant
melanoma tissues and 49
lymph node metastases

NHEM, Mel Im, Mel Ju,
Melanoma Ho, A375

Yes MLK3 c-Jun
signaling
pathway

– Its overexpression reduces
proliferation and invasion of
melanoma cell by targeting
MLK3/JNK pathway

(122)

miR-125b 5 primary melanoma tissues
and 5 melanoma
metastases

Mel Juso, Mel Im, Mel
Ju, A375, 1205 Lu,
HMB2, NHEM

Yes c-Jun – – Its upregulation reduces
proliferation and migration in
melanoma cell by targeting
c-Jun

(123)
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miR-125b – IGR, SK-Mel28, SK-
Mel25, SK-Mel5,
MelJuso, SM, MeWo

Yes VDR vitamin D
signaling

– Influences VDR expression
and resistance of melanoma
cell lines to 1,25(OH) (2)D (3)

(124)

miR-125b 65 primary melanoma
tissues and 67 melanoma
metastases

A375, SKMEL-147,
451 Lu

No – – Patient
survival,
Breslow
thickness,
ulceration,
Mitosis/mm2,
growth
phase,

Can be a potential
prognostic biomarker

(125)

miR-596 FFPE tissues specimens of
36 melanomas and 22 nevi

A375, SK-Mel-19,
A2058, Malme-3M,
SK-Mel-12, SK-Mel-2,
Malme-3

Yes MEK1,
MCL1,
BCL2L1

MAPK/
ERK
signaling
pathway

Poor overall
survival

Its overexpression reduces
proliferation, migration and
invasion and stimulates
apoptosis through targeting
MEK1, MCL1 and BCL2L1
and regulation of MAPK/
ERK and apoptotic
pathways

(126)

miR‐137 – A2058, WM793B,
HEMa‐LP, HEK‐293T

Yes FGF9 – – Its enforced expression by
Propofol decreases
proliferation, migration and
invasion in melanoma cells
through inhibition of FGF9
expression

(127)

miRNA-
29c

30 malignant melanoma
tissues and 10 paracancer
tissues

A375, SK-MEL-1, SK-
MEL-5, HEMa-LP

Yes CDK6 – Poor
prognosis,
TNM stage

Reduces cell proliferation
and induces cell cycle arrest
at G1 phase through
suppressing expression of
CDK6

(128)

miR-488-
5p

primary melanoma tumors,
melanoma metastases,
normal skin and nevi

Mel Im, 501mel, NHEM Yes DIXDC1 Wnt/b-
catenin
signaling
pathway

– Has a tumor suppressive
role. Its overexpression
represses proliferation and
migration and induces
apoptosis in melanoma cells

(129)

miR-488-
3p

20 malignant melanoma
tissues and ANTs, 12 male
Nu/Nu mice

A375, B16, SK-MEL-
28, WM451, HEMn-LP

Yes PRKDC – – Its ectopic expression
sensitizes melanoma cells to
cisplatin via targeting
PRKDC

(130)

miR-675 21 melanoma tissues and
ANTs

A375, A2058, HT144,
SK-MEL-28, HEM

Yes MTDH – – Has a tumor suppressive
role. Its overexpression
inhibits proliferation and
invasion in melanoma cells
partly by targeting MTDH

(131)

miR-622 Primary tumor and
metastatic tumor tissue,
male athymic nu/nu mice
(Mel Im cell line was injected
to mice)

Mel Juso, Mel Ei,
Htz19, Mel Im, NHEM

Yes KRAS – Patient
survival

Its re-expression suppresses
proliferation, migration and
clonogenicity in melanoma
cells.

(132)

miR-92 Female C57Bl/6 mice (B16-
F10 cell line was injected to
mice)

B16-F10 Yes integrin aV

and a5

TGFb
signaling
pathway

– Implicates in integrin
activation of TGFb in
melanoma cancer stem cells
that gives rise to
immunosuppressive tumor
microenvironment and
increased tumorigenesis

(133)

miR-4487 86 melanoma samples,
serum samples from 130
normal controls and 255
melanoma cases

– No – – Diseases
stage,
survival

A probable diagnostic
biomarker

(23)

miR-4706 – No – – (23)
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Diseases
stage,
survival

miR-4731 – No – – Diseases
stage

(23)

miR-509-
3p

– No – – Diseases
stage

(23)

miR-509-
5p

– No – – Diseases
stage

(23)

miR-203 – KMeC, LMeC, CMeC-
1, A2058, Mewo, HEM

Yes CREB – – Inhibits melanoma growth
and melanosome transport
regulating CREB/MITF/
RAB27a pathway

(134)

miR-203 8 primary melanoma
tissues, 11 metastases and
5 normal skin tissues

A375, A2058,
SKMEL13, HT144,
SKMEL5

Yes BMI1 – Tumor
metastasis

Represses melanoma cells
invasion and tumor sphere
formation by targeting BMI1

(135)

miR-203 148 melanoma tissues and
paired ANTs

– No – – Overall
survival,
tumor
thickness,
tumor stage

Can be a potential
prognostic factor and a new
therapeutic target for the
treatment of melanoma

(136)

miR-203 – A2058, Mewo, HEMa-
LP

Yes kif5b – – Its exogenous expression
suppresses melanoma cells
growth and regulates
melanosomes transport and
tyrosinase expression
through targeting kif5b

(137)

miR-203 – Mewo, A2058, HEM Yes E2F3a,
E2F3b,
ZBP-89

– – Induces cell cycle arrest and
senescence in melanoma
cells via targeting E2F3

(138)

miR-203 24 melanoma tissues and
paired ANTs

A375, HaCaT, Yes versican – – Inhibits migration of
melanoma cells through
targeting versican

(139)

miR-17-3p 28 uveal melanoma tissues
and 12 control samples, 30
male BALB/c nude mice
(OCM-1A cell line was
injected to mice)

OCM-1A, MUM-2C,
C918, MUM-2B, UMs

Yes PVT1,
MDM2

p53
signaling
pathway

– Its overexpression inhibits
proliferation, migration and
invasion and promotes
apoptosis through PVT1/
miR-17-3p/MDM2 axis

(140)

miR-137 30 primary melanoma
tissues and paired ANTs

A375, SK-MEL-1, SK-
MEL-5, HEMa-LP,
HEMn-LP

Yes GLS – Poor survival,
TMN stage

Has a tumor suppressive
role. It inhibits proliferation
and glutamine catabolism in
melanoma cells via targeting
glutaminase

(141)

miR-137 – M17, M23, SP6.5,
um95, HEK-293

Yes MITF,
CDK6

– – Its ectopic expression
inhibits uveal melanoma cells
proliferation and induces cell
cycle arrest at G1 phase
through downregulation of
MITF and CDK6

(142)

miR-137 – Ma-Mel-79b, Ma-Mel-
86b

Yes GLO1 – – Its overexpression
suppresses proliferation of
melanoma cells by targeting
GLO1

(143)

miR-137 miR-137 expression data of
450 melanoma patients was
obtained from TCGA

WM1650, ME1402,
MM200, WM1158

Yes TBX3 – Patient
survival

Inhibits melanoma cell
migration and anchorage
independent growth by
targeting TBX3

(144)

miR-137 30 melanoma tissues and
10 normal skin tissues,
BALB/c female mice (A375

A2058, A375, A875,
SKMEL5, TE353-SK,
Hacat

Yes AURKA – – Decreases proliferation and
colony formation ability of
melanoma cells through
targeting AURKA

(145)
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cell line was injected to
mice)

miR-137 97 melanoma tissues and
paired ANTs

– No – – Patient
survival, TNM
stage, ulcer,
occurrence
site

Its low expression is
associated with poor
prognosis in melanoma
patients.

(146)

miR-137 – Ma-Mel-12, MaMel-20,
Ma-Mel-37b, Ma-Mel-
57, Ma-Mel-73a, Ma-
Mel-79b, MaMel-86b,
SK-Mel-2, SK-Mel5

Yes PAK2 – – Suppresses proliferation of
melanoma cells via inhibiting
PAK2

(147)

miR-137 – WM278, A375,
HEK293

Yes CtBP1 – – Suppresses EMT process
and induces apoptosis in
melanoma cells through
targeting CtBP1

(148)

miR-137 – melanoma cell lines
established from
metastasis of 33
patients with stage III
or IV melanoma

Yes c-Met,
YB1,
EZH2,
MITF

– Patient
survival

Inhibits cell proliferation,
migration and invasion and
induces apoptosis in
melanoma cells via targeting
c-Met, YB1, EZH2 and MITF

(149)

miR-137 15 melanoma tissues and
15 normal
pigmented nevus samples

HaCaT, SK‐MEL‐1,
A375, WM451

Yes PIK3R3 – – Represses migration and
invasion of melanoma cells
via targeting PIK3R3

(150)

miR−30a
−5p

22 malignant melanoma
tissues and ANTs, BALB/c
nude mice (A375 cell line
was injected to mice)

A375, SK-HEP-1, SK-
MEL-1, MV3, HPM

Yes SOX4 – – Inhibits melanoma cells
proliferation, migration and
invasion via targeting SOX4

(151)

miR-218 10 primary melanoma
tissues, 10 lymph node
metastases and 10 benign
nevi samples

A375, SK-MEL-2 Yes CIP2A,
BMI1

Inhibits proliferation,
migration and invasion in
melanoma cells by targeting
CIP2A, BMI1

(152)

miR-605 male BALB/c nude mice
(Mel-RM and SK-Mel-28
were injected to mice)

HEMn-MP, SK-MEL-
31, ME4405, WM1321,
Me1007, Mel-RM, SK-
MEL-2, SK-MEL-103,
WM1366, Mel-RMU,
WM278, A375,
MM200, SK-Mel-28

Yes INPP4B – – Inhibits proliferation and
growth of melanoma cells
through suppression of
INPP4B and consequently
INPP4B-mediated negative
regulation of SGK3

(153)

miR-24−1
−5p

77 malignant melanoma
tissues and paired ANTs

A375 Yes UBD JNK
signaling
pathway

Its overexpression gives rise
to promotion of autophagy
and apoptosis in melanoma
cells via targeting UBD and
activation of JNK signaling
pathway

(154)

miR-205-
5p

6 melanoma tissues and 6
skin nevus samples

HaCaT, A431, A375,
A2058 and SK-MEL-2

Yes TNFAIP8 – – Enhances apoptosis rate
and sensitizes melanoma
cells to vemurafenib through
targeting TNFAIP8

(155)

miR-205-
5p

32 primary cutaneous
melanoma tissues and 8
metastatic samples

– No – – Distant
metastasis

Can be a potential
biomarker of distant
metastases

(156)

miR-145-
5p
miR-203-
3p

32 primary cutaneous
melanoma tissues and 8
metastatic samples

– No – – Breslow
thickness,
high Clark
level,
ulceration,
mitotic rate

Can be potential markers of
aggressiveness in melanoma

(156)

miR-205 10 primary melanoma
tissues, 10 metastatic
melanoma tissues and 10

WM35, WM793,
WM115A, 1205Lu,
293T

Yes – – – Its enforced expression
reduces migration, motility

(157)
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benign nevi samples, 16
male athymic nu/nu mice
(WM115A cell line was
injected to mice)

and proliferation of
melanoma cells

miR-205 20 primary melanoma
tissues, 27 metastatic
melanoma tissues and 20
benign nevi

WM3211, DO4,
WM278, 1205-Lu,
C8161.9, Normal
human melanocytes

Yes E2F1, E2F5 AKT
signaling
pathway

– Its overexpression
suppresses proliferation and
colony formation and
induces apoptosis in
melanoma cell via targeting
E2F1

(14)

miR-205 65 primary melanoma
tissues and 67 melanoma
metastases

A375, SKMEL-147,
451 Lu

No ZEB1 – Patient
survival,
Breslow
thickness,
ulceration,
Mitosis/mm2,

growth
phase,
Histological
type

Influences invasive ability of
melanoma cells and can be
a potential prognostic
biomarker

(125)

miR-205 5 high-invasive uveal
melanoma tissues, 5 low-
invasive uveal melanoma
tissues and 5 healthy
controls

OCM-1A, C918, 293T Yes NRP1 – – Its overexpression represses
proliferation and invasion of
melanoma cells via targeting
NRP1

(158)

miR-145-
5p

83 melanoma samples and
paired ANTs, 30 male
BALB/c nude mice (CHL‐1,
WMM917, or SK‐mel‐28
cell lines were injected to
mice)

HEK293T, SK‐mel‐28,
CHL‐1, VMM917,
NHEM

Yes NRAS MAPK and
PI3K/AKT
signaling
pathways

Tumor
thickness,
NRAS
mutation,
tumor stage

Its high expression inhibit
proliferation, migration and
invasion and promotes
apoptosis in VMM917 and
CHL-1 melanoma cells
through targeting NRAS

(159)

miR-145-
5p

55 melanoma samples and
paired ANTs, 10 female
athymic BALB/c nude mice
(A375 cell line was injected
to mice)

A375, WM35, VMM5A,
M14,
A875, HMCB, 293T

Yes TLR4 NF-kB
signaling
pathway

– Suppresses proliferation,
migration and invasion of
melanoma cell via targeting
TLR4

(160)

miR-145-
5p

12 uveal melanoma tissues
and 12 normal uveal tissues

OCM-1, MUM- 2B Yes N-RAS,
VEGF

– – Inhibits tumor growth,
angiogenesis and invasion of
uveal melanoma cells
through targeting N-RAS
and VEGF

(161)

miR-195 341 matched mRNA-Seq
and miRNA-Seq tumor
samples, along with one
normal sample for each
data set were obtained from
TCGA

SK-MEL-5, SK-MEL-
19, SK-MEL-37, SK-
MEL-147, UACC-62,
WM35, WM793B,
WM1366, WM1552C,
WM1617, Lox10,
MZ2Mel, HaCat, NGM

Yes PHB1 – – Its upregulation results in
decreased cell proliferation
and high cytotoxic effects of
cisplatin and temozolomide
on melanoma cells

(162)

miR-211 Male BALB/c nude mice
(SK-MEL-28 cell line was
injected)

A375, SK-MEL-28 Yes – – Poor
prognosis,
tumor
thickness,
AJCC stage

Its upregulation sensitizes
melanoma cells to cisplatin
and increases cisplatin
anticancer effect

(163)

miR-211 – A375, WM1552C,
HEM-l

Yes PDK4 – – Acts as a metabolic switch
and sensitizes melanoma
cells to hypoxia through
targeting PDK4

(164)

miR-211 6 primary melanoma tissues
and 24 melanoma
metastases

HEM-l, A375, G361,
LOX-IMV1, HT-144,
RPMI-7951, SK-MEL2,

Yes KCNMA1 – – Its overexpression reduces
growth and invasion of
melanoma cells via targeting
KCNMA1

(165)
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SK-MEL28, WM793B,
WM1552C,

miR-211 – HM, WM115, A375,
SK-MEL-1

Yes RAB22A – – Regulates EMT process
through targeting RAB22A

(166)

miR-211 – HMV-I, HMV-II,
G-361, SK-MEL-28,
NHEM-L, NHEM-M,
NHEM-D, MM-EP,
MM-RU, MM-WK,
HEK-293

Yes PRAME – – Regulates PRAME
expression in melanoma
cells its overexpression
cause reduction in PRAME
expression

(167)

miR-211 – 61 melanoma cell lines
(some of them include:
A2–A15, D4–D25,
ME1007, ME1402,
ME4405, ME10538,
Mel-FH, Mel-RM, Mel-
RMU, MM470,
MM537, MM629)

Yes BRN2 – – Changes invasion capacity
of melanoma cells through
targeting BRN2

(168)

miR-211 miRNA expression was
derived for eleven
melanoma cell lines and
matched to samples
obtained from GEO

WM3526, WM3682,
451LU

Yes NUAK1 – – Its upregulation inhibits
invasion and restores
adhesion through targeting
NUAK1

(169)

miR-211 52 cutaneous melanoma
tissues, 41 uveal melanoma
tissues and 35 normal skin
specimens

G361, GR-M, OCM-1 Yes IL-10Ra – – Its ectopic expression
decreases proliferation of all
melanoma cell lines through
targeting IL-10Ra

(95)

miR-211 – A375M, UACC62,
HeLa

Yes IGF2R,
TGFBR2,
NFAT5

– – Its overexpression inhibits
migration and invasion of
invasive melanoma cells

(170)

miR-181a 10 melanoma tissues and
paired ANTs

WM266-4, A2058 Yes Bcl-2 – – Is upregulated by
Piceatannol treatment and
contributes to anticancer
role of piceatannol through
targeting Bcl-2

(171)

miR-181 17 matched melanoma
tissues before and after
resistance of patients to
BRAF inhibitors

A375, M14 Yes TFAM – Patient
survival

Its overexpression impedes
melanoma growth and
alleviates resistance to
dabrafenib through targeting
TFAM

(172)

miR-375 24 melanoma tissues,
normal skin and nevi
samples

HEM‐l, HEK, WM793B,
WM278, WM1552C

Yes – – – Its ectopic expression
suppresses proliferation
invasion, and cell motility
and induces changes in cell
shape in melanoma cells

(173)

miR-328 – HEM, SK-MEL-1, A375 Yes TGFB2 – – Its overexpression represses
proliferation and induces cell
cycle arrest at G1 phase

(174)

miR-4633-
5p

56 Primary human sinonasal
mucosal melanoma tissues

A375, M435S Yes – Akt
pathway

Metastasis Inhibits cell growth, invasion
and secretion of MMP2 in
melanoma

(175)

miR-455 20 melanoma tissues and
paired ANTs

SKMEL1, A375,
HT144, A2058,
HEK293T

Yes IGF−1R – – Suppresses proliferation and
invasion in melanoma cells
via targeting IGF1R

(176)

miR-145 5 high-invasive uveal
melanoma tissues, 5 low-
invasive uveal melanoma
tissues and 5 healthy
controls

OCM-1A, C918, 293T Yes NRP1 – – Represses proliferation and
invasion of melanoma cells
via targeting NRP1

(158)

miR-145 33 oral canine malignant
melanoma tissues and 11

KMeC,
LMeC, CMeC-1,

Yes c-MYC,
FASCIN1

– – Inhibits proliferation and
migration in melanoma cells

(177)
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canine normal oral mucosa
tissues,

CMeC-2, A2058,
Mewo, HEM

through suppression of c-
MYC and FASCIN1

miR-145 11 uveal melanoma tissues
and 12 normal controls

MUM-2B, OCM-1 Yes IRS-1 – – Inhibits cell proliferation
through blocking G1/S
transition and induces
apoptosis in uveal
melanoma cells via targeting
IRS-1

(178)

miR-145 – BLM, FM3P, WM793 Yes – – – Its overexpression inhibits
migration and invasion in
metastatic melanoma cells

(179)

miR-219-
5p

42 melanoma tissues and
20 nevi tissues, 6 nude mice
(A375 cell line was injected
to mice)

A375, WM35, SK-
MEL-5, SK-MEL-2,
HEMa-LP

Yes Bcl-2 Overall
survival, TNM
stage, distant
metastasis

Reduces proliferation,
migration and invasion and
promotes apoptosis in
melanoma cells by targeting
Bcl-2

(180)

miR-31 9 primary melanoma
tissues, 71 metastatic
melanoma and 2 dysplastic
nevi

SK-Mel5, SK-Mel28,
MM603

Yes SRC, MET,
NIK,
RAB27a

– – Has tumor suppressive role
and its ectopic expression
inhibits migration and
invasion in melanoma cells

(181)

miR-31 Fifteen patient-derived
primary cultures of
melanoma, SCID-NOD mice
(HAG cell line was injected
to mice)

C8161 (HAG), C81-61
(PAG)

Yes – – – Suppresses proliferation,
invasion and tube formation
in melanoma cells

(93)

miR-124a 6 primary uveal melanoma
and paired ANTs, Female
nude mice (M23 and SP6.5
cell lines were injected to
mice)

M17, M21, M23,
SP6.5, HEK-293,
um95

Yes CDK4,
CDK6,
cyclin D2,
EZH2

– – Has a tumor suppressive
role and represses
proliferation, migration and
invasion in uveal melanoma
cells

(182)

miR-124 107 melanoma tissues and
paired ANTs

HEM, SK-MEL-1, A375 Yes RLIP76 – TNM stage Suppresses melanoma cells
proliferation and invasion
and induces apoptosis by
targeting RLIP76

(183)

miR-124 68 melanoma tissues and
paired ANTs

B16, A375, HACAT Yes Versican – Tumor
thickness,
clinical stage,
lymph node
involvement

Inhibits proliferation,
migration and invasion of
melanoma cells through
targeting Versican

(184)

miR-206 serum samples from 60
melanoma patients and 30
healthy controls

– No – – Poor
prognosis,
response to
treatment,
clinical stage

May be implicated in
melanoma progression an
can be a potential
prognostic factor

(185)

miR-206 36 melanoma tissues and
16
Healthy control tissues

A375, MALME-3M,
RPMI7951, SKMEL-2,
SK-MEL-5, NHEM-Ad-
Adult

Yes CDK4,
Cyclin D1,
Cyclin C

– – Reduces proliferation,
migration and invasion and
induces cell cycle arrest at
G1 phase in melanoma cells

(186)

miR-186 – SK-MEL-1, G-361,
A375, A875, HEMn-LP

Yes – – – Inhibits proliferation,
migration and invasion in
melanoma cells

(187)

miR-26b 59 melanoma tissues and
ANTs

HEK293, B16F10,
B16F0, A375, HMCB,
Hs695T

Yes TRAF5 MAPK
pathway

– Reduces cell growth and
induces apoptosis in
melanoma cells by targeting
TRAF5

(188)

miR-196a 3 primary melanoma tissues
and 5 melanoma
metastases

Mel Ei, Mel Wei, Mel
Juso, Mel Im, Mel Ju,
HMB2, SkMel 3, SkMel
28, NHEM

Yes HOX-C8 – – Decreases invasion in
melanoma cells through
suppression of HOX-C8
expression

(189)

miR-196a – Mel Ei, Mel Wei, Mel
Ho, Mel Juso, Mel Ju,

Yes HOX-B7 – – Regulates migration of
melanoma cells through

(190)
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SkMel 28, SkMel 3,
NHEM

influencing miR-196a/HOX-
B7/Ets-1/bFGF/BMP4 axis

miR-193b FFPE specimens of 8
benign nevi, and 8
metastatic melanomas

Malme-3M, SKMEL-28,
SKMEL-5

Yes CCND1 – – Suppresses proliferation and
cell cycle arrest at G1 phase
in melanoma cells through
downregulation of CCND1

(191)

miR-193b FFPE tissue specimens of 8
benign nevi, 8 metastatic
melanoma and 15 primary
melanoma tissues

Malme-3M, MeWo,
SK-MEL-2, SK-MEL-28

Yes Mcl-1 – – Sensitizes melanoma cells to
ABT-737 and regulates
expression of Mcl-1

(192)

miR-200c 10 primary melanoma
tissues, 10 metastatic
melanomas and 10 benign
nevi samples, male athymic
nu/nu mice (WM115A cell
line was injected to mice)

WM35, WM793,
WM115A, WM3523A,
1205Lu, 293T

Yes BMI-1 – – Inhibits proliferation,
migration and metastasis of
melanoma cells via
suppression of BMI-1
expression

(193)

miR-200c 65 primary melanoma
tissues and 67 melanoma
metastases

A375, SKMEL-147,
451 Lu

No – – Patient
survival,
Breslow
thickness,
ulceration,
Mitosis/mm2,

growth
phase,
location,
histological
type

Can be potential prognostic
biomarker

(125)

miR-200a Paraffin-embedded archival
tissue specimens of 7
primary melanoma, 33
lymph node metastasis, 25
distant organ metastasis
and 10 benign nevi

MELANO, MEL 2183,
COLO 829

Yes CDK6 – – Inhibits proliferation and
induces cell cycle arrest in
melanoma cells through
targeting CDK6

(194)

miR-200a 46 melanoma tissues and
paired ANTs

A375, SK-HEP-1,
WM35, SK-MEL-28

Yes GOLM1 PI3K/Akt
signaling
pathway

Overall
survival,
tumor
thickness,
TNM stage

Inhibits proliferation,
migration and invasion of
melanoma cells via targeting
GOLM1 and regulation of
PI3K/Akt signaling pathway

(195)

miR-155 25 uveal melanoma tissues
and ANTs

OCM-1A, MUM-2C,
C918, MUM-2B, D78

Yes NDFIP1 – – Enhances proliferation and
invasion of uveal melanoma
cells via targeting

(196)

miR-155 – SK-Mel-28, WM-266-4,
GL-Me, 397-Mel, CH-
Mel, DR-Mel, SN-Mel,

Yes SKI – – Inhibits melanoma cells
proliferation through
targeting SKI

(197)

miR-155 – CG-Mel, CH-Mel, CL-
Mel, CN-Mel, CR-Mel,
CT-Mel, DR-Mel, GL-
Mel, GR-Mel, MR-Mel,
M14, PNM-Mel, PNP-
Mel, SK-Mel-28, SN-
Mel, WM-266-4, 397-
Mel, normal
melanocytes

Yes – – – Its ectopic expression
represses proliferation and
induces apoptosis in
melanoma cells

(16)

miR-155 60 melanoma tissues and
paired ANTs

A375, SKMEL-28,
A2058, HEM

Yes CBL – tumor
thickness,
TNM stage,
lymph node
metastasis

Suppresses proliferation,
migration and invasion of
melanoma cells via targeting
CBL

(198)

miR-18b 92 primary melanoma
tissues and 48 benign nevi
samples, 20 nude mice

1205-Lu, DO4,
WM3211, WM278

Yes MDM2 p53
signaling
pathway

Overall
survival

Reduces proliferation,
migration and invasion and
induces apoptosis in

(199)
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(1205-Lu cell line was
injected to mice)

melanoma cell through
downregulation of MDM2

miR-18b 68 melanoma tissues and
paired ANTs, 6 male BALB/
C-nu/nu nude mice (B16
cell line was injected to
mice)

HEK293 cells, MM
B16, A375, HACAT

Yes HIF-1a – tumor
thickness,
tumor stage

Inhibits glycolysis and cell
proliferation and induces cell
cycles arrest in melanoma
cells through targeting HIF-
1a

(200)

miR-26a – SK-MEL-28, HT-144,
HEK293, HEMNLP,
HEMNLP2, WM278,
WM852c, 1205Lu,
A375, RPMI7951

Yes SODD – – Decreases cell viability and
induces apoptosis in
melanoma cells through
targeting SODD.

(201)

miR-26a – A2058, A375, SK-
MEL-5, SK-MEL-28

Yes Lin28B,
Zcchc11

– – Increases microRNA
synthesis by targeting
Lin28B and Zcchc11 to
inhibit tumor growth and
metastasis

(202)

miR-26a male C57BL/6 mice (B16-
F10 cell line was injected to
mice)

WM1552C, SKMEL-
28, B16-F10

Yes MITF – – Inhibits proliferation and
invasion of melanoma cells
via targeting MITF

(203)

miR-9 10 primary melanoma
tissues and 10 metastases

WM35, WM793,
WM115A, 1205Lu,
293T

Yes NF-kB1 NF-kB1-
Snail1
signaling
pathway

– Reduces proliferation and
migration of melanoma cells
through regulation of NF-
kB1-Snail1 pathway.

(204)

miR-9 24 melanoma tissues and
14 benign nevi samples

WM852, WM1791C,
WM8, FO-1, WM983A,
WM793, Daju, WM209

Yes RYBP – – Suppresses proliferation
migration and invasion in
melanoma cells through
targeting RYBP

(205)

miR-9 – MUM-2B, C918, MUM-
2C, OCM-1A

Yes NF-kB1 NF-kB1
signaling
pathway

– Suppresses migration and
invasion of uveal melanoma
cells via targeting cells NF-
kB1 and downregulation of
the NF-kB1 signaling
pathway

(206)

miR-9 73 melanoma tissues and
paired ANTs, Male BALB/C-
nu/nu nude mice (A375 cell
line was injected to mice)

HACAT, G361, B16,
A375, HME1

Yes NRP1 – tumor stage,
lymph node
metastasis

Decreases melanoma cells
proliferation, migration and
invasion of through targeting
NRP1.

(207)

miR-9 24 primary melanoma
tissues and paired ANTs

B16, A375, G361,
HME1, HACAT,
HEK293

Yes SIRT1 – – Inhibits proliferation and
migration of melanoma cells
partly through targeting
SIRT1

(208)

let-7b 10 primary melanoma
tissues and 10 benign
melanocytic nevi

SK-Mel-147, G361 Yes cyclin D1,
cyclin D3,
cyclin A,
Cdk-4

– – Suppresses progression of
cell cycle and anchorage-
independent growth in
melanoma

(85)

let-7b 16 melanoma tissues and 8
normal
tissues

s SK-mel-28, A375,
A2058, HaCaT

Yes UHRF1 – – Suppresses proliferation of
melanoma cell by targeting
UHRF1

(209)

let-7b – OCM1, OM431 Yes cyclin D1 – – Sensitizes radioresistance
uveal melanoma cells to
radiotherapy by targeting
cyclin D1

(210)

let-7b 106 mucosal melanoma
tissues, mucosal nevi
Female NOD/SCID (HMVII
cell line was injected to
mice)

HMVII, GAK, 293T Yes MTDH,
CALU

– Patient
survival,
ECOG score

Suppresses melanoma cells
proliferation, migration,
invasion and induces
apoptosis through targeting
MTDH and CALU

(211)

let-7c 106 mucosal melanoma
tissues, mucosal nevi
Female NOD/SCID (HMVII

HMVII, GAK, 293T Yes MTDH,
CALU

– Patient
survival,
ECOG score

Suppresses melanoma cells
proliferation, migration,
invasion and induces

(211)
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cell line was injected to
mice)

apoptosis through targeting
MTDH and CALU

let-7a – Mel Im, Mel Wei, Mel
Juso, Mel Ei, Mel Ho,
Mel Ju, HMB2, SK-Mel
28

Yes integrin b3 – – Its overexpression
decreases invasive ability of
melanoma cells through
downregulation of integrin
b3

(86)

miR-330-
3p

77 melanoma tissues and
38 Normal skin tissues,

SK-MEL-2, UACC903 Yes TPX2 – – Suppresses proliferation of
melanoma cells through
negative regulation of TPX2

(212)

miR-330-
5p

26 primary melanoma
tissues and 26 matched
non-tumor tissues

HEMn-LP, A375, A875 Yes TYR,
PDIA3

– – Represses proliferation,
migration and invasion of
melanoma cells via
suppression of TYR and
PDIA3 expression

(213)

miR-183 30 melanoma tissues and
14 normal skin samples,
female BALB/c mice (SK-
MEL-1 cell line was injected
to mice)

A375, C32, EDMEL3,
G361, HBL, WM1115,
SK-MEL-1, M14, MV3,
A875, M21, Hermes1,
Hermes4, Hacat,
TE353.SK, HEK293T

Yes ITGB1 ITGB1
signaling
pathway

Poor
prognosis,
advanced
pathological
stage

Suppresses proliferation of
melanoma cells through
targeting ITGB1

(214)

miR-144 5 uveal melanoma tissues
and 5 uveal normal tissues

MUM-2B, C918, MUM-
2C, OCM-1A, D78

Yes c-Met – – Inhibit proliferation and
migration in uveal melanoma
cells via targeting c-Met

(215)

miR-144 26 uveal melanoma tissues
and normal choroid samples

MEL270, OMM2.5,
UPMM3, UPMM2

Yes ADAM10,
c-Met

– – Suppresses proliferation,
migration and cell cycle
progression in melanoma
cells through targeting
ADAM10 and c-Met

(216)

miR-122 26 uveal melanoma tissues
and normal choroid samples

MEL270, OMM2.5,
UPMM3, UPMM2

Yes ADAM10,
c-Met

– – Suppresses proliferation,
migration and cell cycle
progression in melanoma
cells through targeting
ADAM10 and c-Met

(216)

miR-107 15 primary melanoma
tissues, 15 melanoma
metastases and 15 nevi
samples

SK-MEL-1, A375, G-
361, SK0MEL-3, SH-4,
SK-MEL-24

Yes POU3F2 – late stage Decreases proliferation,
migration and invasion in
melanoma cells

(217)

miR-296-
3p

18 choroidal malignant
melanoma tissues and 6
normal choroidal tissues

C918, Yes MMP−2,
MMP−9

– – Suppresses proliferation,
migration and invasion and
stimulates apoptosis

(218)

miR-542-
3p

24 melanoma tissues and
12 non-neoplastic skin
tissues, C57BL/6J mice
(B16F10 cell line was
injected to mice)

A375, SK-MEL-19, SK-
MEL-28, WM451,
B16F10

Yes PIM1 – – Inhibits migration, invasion
and EMT process in
melanoma cells via targeting
PIM1

(219)

miR-625‐
5p

Primary melanoma tissues
and normal tissues

A2085, A375, A875,
Mel‐RM,
M14, M21, WM35,
HFE

Yes PKM2 – TNM stage,
tumor size,
poor
differentiation

Inhibits melanoma cells
proliferation and glycolysis
and sensitizes these cell to
BRAF inhibitor via targeting
PKM2

(220)

miR-339-
3p

NSG mice (A375 cell line
was injected to mice)

A375, WM266.4,
WM115

Yes MCL1 – – Reduces invasive ability and
metastasis in melanoma
cells through targeting MCL1

(221)

miR-590-
5p

female athymic Balb/C nude
mice (A2058 cell line was
injected to mice)

A2058, A375, HEMa-
LP, 293, HM

Yes YAP1 – – Reduces proliferation and
induces apoptosis in
melanoma cells via
downregulation of YAP1

(222)

miR-768-
3p

– MM200, Mel-CV, IgR3,
Mel-RMu, Sk-Mel-28,
Me1007, Mel-JD, Mel-

Yes eIF4E – – Suppresses cell proliferation
and survival and reduces
nascent protein synthesis in

(223)
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FH, Me4405, Mel-RM,
HEMn-MP, HEMn-DP

melanoma cells through
targeting eIF4E

miR-
451a.1

105 melanoma tissues and
101 normal skin tissues

A2058, A375P, C32,
A375SM, WM983A,
WM278, WM35,
WM1552C

Yes CAB39 – – Inhibits migration and
invasion of melanoma cells
(this effect is not mediated
by CAB39)

(224)

miR-32 Genetically engineered mice
(Mice carrying an HGF/SF
transgene) (A375P cell line
was injected to mice)

WM3928, A375P,
YUGEN8

Yes MCL-1 MAPK
pathway

– Decreases tumorigenicity
and induces apoptosis in
melanoma cells via targeting
MCL-1

(225)

miR-493 52 melanoma tissues and
paired ANTs

PEM, SK-MEL-28,
WM-115, UACC257,
A375, A7, MeWo,
NHEM

Yes IRS4 – – Suppresses proliferation and
cell cycle progression in
melanoma cells through
targeting IRS4

(226)

miR-382 211 primary melanoma
tissues, NOD/Shi-scid/IL-
2Rgnull (NOG, Taconic) mice
(451Lu cell line was injected
to mice)

501MEL, 451Lu,
WM1361a, SK-MEL-
147, SK-MEL-173, SK-
MEL-28

Yes CTTN,
RAC1,
ARPC2

– Tumor
thickness,
recurrence-
free survival

Inhibits tumor metastasis,
invasion and matrix
degradation through
targeting CTTN, RAC1 and
ARPC2

(227)

miR-516b 211 primary melanoma
tissues, NOD/Shi-scid/IL-
2Rgnull (NOG, Taconic) mice
(451Lu cell line was injected
to mice)

501MEL, 451Lu,
WM1361a, SK-MEL-
147, SK-MEL-173, SK-
MEL-28

Yes – – Tumor
thickness

Suppresses tumor growth
and metastasis

(227)

miR-194 60 melanoma tissues and
paired ANTs

A375, A875 Yes GEF-H1 – TNM stages Inhibits proliferation and
metastasis of melanoma
cells through suppression of
GEF-H1/RhoA pathway

(228)

miR-194 24 melanoma tissues and
paired ANTs,

SK-Mel2, Yes – PI3K/AKT/
FoxO3a
and p53/
p21
signaling
pathways

Patient
survival

Inhibits cell proliferation and
induces apoptosis through
regulation of PI3K/AKT/
FoxO3a and p53/p21
signaling pathways

(229)

miR-128 14 primary cutaneous
melanoma tissues and
ANTs

A375, Yes CCL18 – – Inhibits migration and colony
formation ability and
promotes apoptosis in
melanoma cells through
targeting CL18

(230)

miR-1280 37 melanoma tissues and
24 benign nevi samples

A375, Mamel66a,
Mamel103b, 1205-Lu,
C8161.9

Yes Src – – Suppresses proliferation, cell
cycle progression and
invasion and promotes
apoptosis in melanoma cells
via targeting Src

(231)

miR-573 11 melanoma tissues and
paired ANTs, BABL/c nude
mice (A375, SK-MEL-2 cell
lines were injected to mice)

A375, SK-MEL-2 Yes MCAM – – Suppresses proliferation and
invasion of melanoma cells
via targeting MCAM

(232)

miR-33a-
5p

29 melanoma tissues and
ANTs, nude mice (SKMEL-
28 cell line was injected to
mice)

SKMEL-28, A375,
WM35, SKMEL-1,
PIG1

Yes SNAI2 PI3K/AKT/
mTOR
signaling
pathway

Lymph node
metastasis,
tumor size,
STM stage

Suppresses proliferation,
migration and invasion and
induces apoptosis in
melanoma cell through
targeting SNAI2

(233)

miR-33a-
5p

20 melanoma and match
nevus tissues

A375, WM35, WM451,
SK-MEL-1, HM

Yes – – – Reduces proliferation and
promotes radiosensitivity by
suppressing glycolysis in
melanoma cells

(234)

miR-33a Male BALB/C-nu/nu mice
(A375 cell line was injected
to mice)

WM35, WM451, A375,
SK-MEL-1, HM

Yes HIF-1a – – Inhibits proliferation, invasion
and metastasis in melanoma
cells via targeting HIF-1a

(235)
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miR-33a – SK-MEL-1, WM-115,
PEMI, PEM2

Yes PCTAIRE1 – – Suppresses proliferation and
colony formation ability of
melanoma cells through
targeting PCTAIRE1

(236)

miR-33b – WM35, WM451, SK-
MEL-1, HM, HEK293

Yes HIF-1a – – Suppresses melanoma cells
proliferation and glycolysis
through targeting HIF-1a

(237)

miR-98 20 melanoma tissues and
20 normal nevi, 80 male
mice (B16-F1 cell line was
injected to mice)

B16-F1 Yes IL-6 – Patient
survival,
tumor stage

Suppresses migration and
metastasis of melanoma cell
through miR-98-IL-6-
negative feedback loop

(238)

miR-425 Melanoma tissues and
normal tissues

A375, SK-MEL-28,
UACC257, WM-115,
NHEM

Yes IGF-1 PI3K-Akt
signaling
pathway

– Suppresses proliferation and
metastasis of melanoma cell
via targeting IGF-1 and
inhibition of PI3K-Akt
signaling pathway

(239)

miR-337 40 melanoma tissues and
paired ANTs

HEK293, A375, A875 Yes STAT3 – Patient
prognosis

Suppresses growth and
metastasis in melanoma
cells via targeting STAT3

(240)

miR-637 61 melanoma tissues and
ANTs

A375, SK-MEL-28,
Mel-RM, HaCaT

Yes P-REX2a PTEN/AKT
signaling
pathway

lymph node
metastasis,
TNM stage

Inhibits proliferation and G1-
S transition in melanoma
cells through targeting P-
REX2a

(241)

miR-329 36 paraffin‐embedded
melanoma tissues and 10
pigmented nevi samples

PEM, WM‐115, A375,
A7, UACC257

Yes HMGB2 b‐catenin
signaling
pathway

– Suppresses proliferation,
migration and invasion and
promotes apoptosis in
melanoma cell through
negative regulation of
HMGB2

(242)

miR-579-
3p

FFPE samples from 9 stage
III/IV melanomas, 10 stage I/
II melanomas, 4 dysplastic
nevi, 10 melanocytic nevi
and 4 patients before and
after BRAF inhibitor
treatment

M14, LOX IMVI, COLO
38, MALME-3M,
SKMEL5, WM115,
WM266, M229, HEK-
293

Yes BRAF,
MDM2

– – Inhibits growth and
migration of melanoma cells,
induces apoptosis and
impairs drug resistance in
melanoma

(243)

miR-101 – HEK293T, NHEM, 29
melanoma cell lines
established from
metastases of
melanoma patients

Yes MITF,
EZH2

Patient
survival

Suppresses proliferation,
migration and invasion of
melanoma cells through
targeting MITF and EZH2

(244)

miR-664 9 melanoma and 2 BMN
tissues, 10 Nude mice
(A375 cell line was injected
to mice)

A375.S2, A7, MeWo,
RPMI-7951, SK-MEL-
5, SK-MEL-24, SK-
MEL-28, PEM

Yes PLP2 – Patient
survival

Decreases proliferation and
tumorigenicity of melanoma
cells through targeting PLP2

(245)

miR-29a – HACAT, HFF, A375,
Malme-3M, SK-MEL-2,
SK-MEL-5, M14

Yes Bmi1 Wnt/b-
catenin
and NF-
kB
signaling
pathways

– Suppresses cell growth,
migration and invasion in
melanoma cells and induces
apoptosis by targeting Bmi1

(246)

miR-524-
5p

male NOD/SCID mice (SK-
Mel-19 cell line was injected
to mice)

HEK293, Malme-3M,
Malme-3, A375, SK-
Mel-19

Yes BRAF,
ERK2

MAPK/
ERK
signaling
pathway

– Inhibits proliferation and
migration of melanoma cells
through targeting BRAF and
ERK2 and inhibition of
MAPK/ERK signaling
pathway

(247)

miR-138 Whole blood samples from
5 melanoma patients and 6
healthy controls

A2058 Yes – PI3K/AKT/
mTOR
signaling
pathway

Patient
survival

Suppresses cell proliferation
and induces apoptosis in
melanoma cells via inhibition

(248)
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of PI3K/AKT/mTOR signaling
pathway

miR-138 – WM451, HM Yes HIF-1a – – Inhibits melanoma cells
proliferation, invasion and
glycolysis through targeting
HIF-1a

(249)

miR-138 16 melanoma tissues and
16 precancerous tissues,
female mice (WM35 and
A375 cell lines were injected
to mice)

WM35, A375, HEK293 Yes HIF1a – – Inhibits proliferation,
migration and invasion and
promotes apoptosis in
melanoma cells through
targeting HIF1a

(250)

miR-126 108 primary cutaneous
melanoma tissues, 18
melanoma metastases and
16 dysplastic nevi samples

– No – – Patient
survival,
Breslow
thickness,
tumor
ulceration,
tumor stage

Can be an independent
prognostic factor for overall
survival

(251)

miR-
126&126*

adult athymic nude mice
(A375M and Me665/1 cell
lines were injected to mice)

A375M, A375, Me665/
1, NHEM, Me1007,
Mel501, WM983A,
Me1402/R, Me665/2,
GR-mel, ST-mel,

Yes ADAM9,
MMP7

– – Decrease proliferation,
invasion and chemotaxis of
melanoma cells through
targeting ADAM9 and MMP7

(252)

miR-377 FFPE tissues samples of 6
primary cutaneous
melanoma and 13 benign
nevi

mel33B1, mel-14PA,
mel-15AY, mel-526,
mel-624, NHEM

Yes E2F3,
MAP3K7

MAP3K7/
NF-kB
signaling
pathway

– Decreases proliferative ability
and colony-forming
capability in melanoma cells

(253)

miR-139-
5p

82 malignant melanoma
tissues and 30 benign
skin disease tissues from
healthy controls

PIG1, A375, SK-MEL-
1, SKMEL-2, SK-MEL-
5, SK-MEL-28

Yes IGF1R PI3K/AKT
signaling
pathway

– Inhibits cell proliferation,
migration and invasion and
promotes apoptosis through
targeting IGF1R

(254)

miR-342 27 melanoma tissues and
paired ANTs

HEM, A375, A2058,
SK-MEL-28, HT144

Yes ZEB1 – – Inhibits proliferation and
invasion of melanoma cells
through targeting ZEB1

(255)

miR-127 40 melanoma tissues and
paired ANTs, male BALB/c
nude mice (WM35 cell line
was injected to mice)

WM35, SK-MEL-5, SK-
MEL-2, A375, HeMa-
Lp

Yes DLK1 – Overall
survival,
tumor
thickness,
tumor stage

Suppresses cell proliferation
and induces apoptosis
through downregulation of
DLK1

(256)

miR-22 48 melanoma tissues and
paired ANTs, nude mice
(A375 cell line was injected
to mice)

HEM, A375, SK-MEL-
1, WM35, SK-MEL-28

Yes FMNL2 Wnt/b-
Catenin
Signaling
Pathway

Overall
survival,
tumor
thickness,
TNM stage

Suppresses proliferation,
migration and invasion of
melanoma cells through
targeting FMNL2

(257)

miR-3065-
5p

12 primary melanoma and 9
benign melanocytic tumors

BRO, SK-MEL1 Yes HIPK1,
ITGA1

– – Induces cell cycle arrest at
G1 phases and inhibits
migration of melanoma cells

(258)

miR-204-
5p

12 primary melanoma and 9
benign melanocytic tumors

BRO, SK-MEL1 Yes – – – Decreases proliferation,
invasion and colony
formation ability of
melanoma cells

(258)

miR-204-
5p

30 melanoma tissues and
20 benign nevi tissues, 10
immunodeficient female
nude mice (A375 cell line
was injected to mice)

A375, WM35, SK-
MEL-5, SK-MEL-2

Yes MMP9,
BCL2

– Overall
survival

Inhibits proliferation,
migration and invasion and
induces apoptosis in
melanoma cells through
targeting MMP9 and BCL2

(259)

miR-610 105 melanoma tissues and
ANTs, female BALB/c mice
(A375 and MV3 were
injected to mice)

SK-MEL-1, A375, SK-
MEL-28, MV3, B16-F1,
HPM

Yes LRP6 – Patient
survival,
tumor stage,
tumor
thickness

Represses cell proliferation,
cell cycle progression and
induces apoptosis in
melanoma cells by targeting
LRP6

(260)
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changed. In other words, these curves are generated by plotting
the true positive rate against the false positive rate at different
threshold points. Notably, serum expression levels of several
miRNAs have high sensitivity and specificity values for
Frontiers in Oncology | www.frontiersin.org 26205
differentiating between melanoma patients and healthy subjects
or between metastatic and non-metastatic melanomas. Tables 4, 5
list the miRNAs whose application as diagnostic or prognostic
markers has been evaluated using ROC curve analysis, respectively.
TABLE 2 | Continued

microRNA Samples Assessed cell lines Functional
analysis

Gene
interaction

Signaling
pathway

Association
with clinical
features

Function Reference

miR-3662 80 melanoma tissues and
paired ANTs, BALB/c nude
mice (A375 and OCM-1A
cell lines were injected to
mice)

A375, OCM-1A Yes ZEB1 – – Inhibits invasion and EMT
process in melanoma cell via
targeting ZEB1

(261)

miR-331 22 melanoma tissues and
paired ANTs

HEM, A375, A2058,
HT144, SK-MEL-1,
SK-MEL-28

Yes AEG-1 PTEN/AKT
signaling
pathway

– Suppresses proliferation and
invasion of melanoma cells
through targeting AEG-1

(262)

miR-149-
5p

Melanoma tissues and
ANTs

A2058, A375, HSC-1,
SK-37, SKMLE-1,
WM451, HaCaT

Yes LRIG2 – – Reduces proliferation, colony
formation and induces
apoptosis in melanoma cells
through targeting LRIG2

(263)

miR-338-
3p

60 melanoma tissues and
paired ANTs,

A375, G361 Yes MACC1 – clinical stage,
lymph node
metastasis

Inhibits proliferation,
migration and invasion in
melanoma cells through
targeting MACC1

(264)

miR-4458 – A375, A2058, SK-
MEL-28, SK-MEL-2,
HEMa-LP

Yes PBX3 – – Represses proliferation,
migration and induces
apoptosis in melanoma cells
via targeting PBX3

(265)

miR-489-
3p

nude mice (A375 cell line
was injected to mice)

A375, SK-MEL-2 Yes SIX1 – – Inhibits proliferation,
migration and invasion of
melanoma cells and
regulates glycolysis through
targeting SIX1

(266)

miR-431 113 melanoma tissues and
paired ANTs

A875, HBL, 1205Lu,
A375, SK-MEL-1,
HEMa-LP, CHL-1

Yes NOTCH2 – Overall
survival,
tumor stage,
ulceration

Suppresses cell proliferation,
migration and invasion and
induces apoptosis in
melanoma cells through
targeting NOTCH2

(267)

miR-134 18 melanoma tissues and
paired ANTs

BT549, MB-231, MB-
486, MCF7, SK-BR-3,
293T

Yes CTHCR1 – – Decreases proliferation,
migration, invasion and
induces cell cycle arrest and
apoptosis in melanoma cells
through downregulation of
CTHCR1

(268)

miR-224-
5p

30 uveal melanoma tissues
and paired ANTs

OCM‐1A, HEK 293T Yes PIK3R3,
AKT3

– – Suppresses proliferation,
migration and invasion of
melanoma cells via targeting
PIK3R3 and AKT3

(269)

miR-140-
5p

25 melanoma tissues and
paired ANTs, 20 adult
athymic nude mice (SK‐
MEL‐1 cell line was injected
to mice)

A375, A875, SK‐MEL‐
5,
SK‐MEL‐1, SK‐MEL‐
28, HEMa‐LP, HaCaT

Yes SOX4 Wnt/b‐
catenin
and
NF‐kB
signaling
pathways

clinical stage Its overexpression inhibits
proliferation and invasion of
melanoma cells by targeting
SOX4 and inactivation of
Wnt/b-catenin and NF‐kB
signaling pathways

(270)

miR-140-
3p

25 melanoma tissues and
paired ANTs, 30 male
BALB/c nude mice (M229,
A375 and M14 cell lines
were injected to mice)

M14, MALME-3M,
M229, WM226, A375,
SKMEL5, LOX IMVI,
HPM

Yes ABHD2 JNK and
AKT/
p70S6K
Signaling
Pathway

Overall
survival

Blocks proliferation,
migration and invasion and
induces apoptosis in
melanoma cell through
targeting ABHD2

(271)

miR-135b 27 melanoma tissues and
27 normal skin tissues

A375, PEM Yes RBX1 – – Suppresses proliferation,
migration and invasion of
melanoma cells through
targeting RBX1

(272)
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TABLE 3 | Role of melanoma in prediction of prognosis of melanoma (DMFS, distant metastasis free survival; OS, overall survival; DFS, disease-free survival; RFS,
relapse-free survival; MSS, melanoma specific survival).

microRNA Sample number Kaplan-Meier analysis Univariate cox regression Multivariate cox regression Reference

miR-10b 79 primary melanoma tissues and
32 metastases

– Is a potential prognostic biomarker
associated with metastasis

Can be an independent potential
prognostic factor

(33)

miR-10b 78 melanoma tissues and 30 non-
tumor skin samples

Its high expression is
associated with poor OS in
melanoma patients.

– – (35)

miR-10b Blood samples from 85 melanoma
patients and 30 healthy volunteers

Its high serum levels is
associated with short DFS
and OS.

– Its serum level is an independent
prognostic factor for OS and CFS
in melanoma patients.

(275)

miR-30d 109 primary melanoma tissues
and 17 melanoma metastases

Its high expression is
associated with poor OS.

– Its expression pattern is an
independent prognostic factor for
melanoma mortality.

(65)

miR-30b 109 primary melanoma tissues
and 17 melanoma metastases

Its high expression is
associated with poor OS.

– – (65)

miR-92a 75 melanoma tissues and paired
ANTs

Its high expression is
associated with poor OS.

– – (75)

miR-596 36 melanomas samples and 22
nevi

Its low expression was
associated with significantly
shorter OS.

– – (126)

miRNA-
29c

30 malignant melanoma tissues
and 10 paracancer tissues

Its low expression associated
with poor prognosis.

– – (128)

miR-365 40 melanoma tissues and paired
ANTs

Its low expression associated
with shorter OS and RFS.

– – (97)

miR-137 30 primary melanoma tissues and
paired ANTs

Its low expression associated
with poor survival.

– Can be an independent risk factor
of OS

(141)

miR-137 97 melanoma tissues and paired
ANTs

Its low expression is
associated shorter OS in
melanoma patients.

– Its expression is an independent
prognostic marker of OS in
melanoma patients.

(146)

miR-142-
3p
miR-142-
5p

66 stage III FFPE tissues Their low expression
associated with poor survival.

– – (118)

miR-21 86 primary cutaneous melanomas
tissues, 10 melanoma metastases,
10 dysplastic nevi samples

Its high expression
associated with shorter 5-
year DFS and shorter 5-year
OS.

– Its expression pattern can be an
independent prognostic factor for
overall survival in melanoma
patients.

(37)

miR-21 12 FFPE primary melanoma
tissues and 12 melanocytic nevi

Its high expression is
associated with poor RFS
and OS.

– – (38)

miR-181 17 matched melanoma tissues
before and after resistance of
patients to BRAF inhibitors

Its low expression is
correlated with low
progression free survival
(PFS) and OS

– – (172)

miR-4633-
5p

56 Primary human sinonasal
mucosal melanoma tissues

– Its expression pattern can be a
prognostic factor in identifying
metastatic sinonasal mucosal
melanoma.

It can be an independent
prognostic factor for metastasis.

(175)

miR-191 32 lymph node metastases Its low expression associated
with poor melanoma-specific
survival.

– – (276)

miR-193b 32 lymph node metastases Its high associated with poor
melanoma-specific survival.

– – (276)

hsa-miR-
211-5p
hsa-miR-
514a-3p
hsa-miR-
508-3p
hsa-miR-
509-3-5p
hsa-miR-
513c-5p

UM dataset of miRNA expression
profiles was obtained from the
UCSC Xena Browser

Their high expression were
associated with poor OS.

– – (277)
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TABLE 3 | Continued

microRNA Sample number Kaplan-Meier analysis Univariate cox regression Multivariate cox regression Reference

hsa-miR-
513a-5p
hsa-let-7b-
5p
hsa-miR-
452-5p
hsa-miR-
224-5p
hsa-miR-
592
hsa-let-7b-
3p
hsa-miR-
199a-5p

Their low expressions were
associated with poor OS.

– – (277)

Six
miRNAs
signature:
mir-15
mir-342-3p
mir-455-3p
mir-145
mir-155
mir-497

59 metastatic and primary
melanoma, Congenital nevi

This signature can estimate
post-recurrence survival.

– This miRNA signature is an
independent predictor of post-
recurrence survival in metastatic
melanoma.

(278)

miR-338-
5p

46 melanoma tissues and 25
normal nevi samples

Its high expression is
associated with decreased
OS.

Its expression correlates to patient
survival

It can be an independent
prognostic factor for OS.

(48)

miR-203 148 melanoma tissues and paired
ANTs

Its low expression is
associated with poor OS.

– It can be an independent
prognostic marker for melanoma
patients.

(136)

miR-29c 149 melanoma tissues with AJCC
stage I–IV

Its low expression is
associated with poor DFS
and OS in stage III melanoma
patients.

Its expression correlates to DFS
and OS

Its expression is significantly
correlated to OS but not DFS.

(279)

miR-206 serum samples from 60
melanoma patients and 30 healthy
controls

Its low serum levels is
associated with poor DFS
and OS.

– Its serum level is independent
prognostic factors for DFS and OS.

(185)

miR-18b 92 primary melanoma tissues and
48 benign nevi samples

Its low expression is
associated with shorter OS.

– – (199)

miR-15b 128 FFPE tissues of primary
melanomas and 11 melanocytic
nevi samples

Its high expression is
associated with RFS and OS.

– Its expression pattern can be an
independent prognostic factor for
DFS and OS.

(50)

miR-183 30 melanoma tissues and 14
normal skin samples

Its low expression is
associated with poor OS.

– – (214)

miR-23a Serum samples from 192
melanoma patients and 51
matched cancer-free controls

Its low serum level is
associated with poor OS.

Its serum level is predictor of
patients OS.

Its serum level is an independent
prognostic biomarker for OS.

(106)

miR-23b 114 primary melanoma tissues
and ANTs

Its low expression is
associated with short 3-year
survival in melanoma
patients.

– – (107)

miR-216a-
5p

86 uveal melanoma tissues Its low expression is
associated with poor DFS
and OS.

– – (115)

miR-221 Serum samples from 72
cutaneous malignant melanoma
and 54 healthy controls

Its high expression is
associated with poor RFS
and OS.

– Its expression can be an
independent predictor of DFS and
OS

(55)

miR-205 319 melanoma tissue samples Its low expression is
associated with short MMS in
melanoma patients.

Its expression can be a predictor of
MMS

Its expression pattern can be an
independent prognostic marker for
MMS

(280)

miR-205 65 primary melanoma tissues and
67 melanoma metastases

Its low expression is
associated with shorter
DMFS and MSS.

– Its expression pattern can be an
independent prognostic factor of
MMS

(125)
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IMPLICATIONS OF MIRNAS IN THE
TREATMENT OF MELANOMA

miRNAs are implicated in the therapeutic effects of several anti-
cancer agents. For instance, Genistein, the isoflavone extracted
from soybean, has been shown to suppress proliferation of
human uveal melanoma cells possibly through modulating
expression of miR-27a and its target gene ZBTB10 (291).

miRNAs are also involved in conferring resistance to
immunotherapeutic modalities. For instance, expression of
miR-222 has been shown to be higher in melanoma samples
obtained from patients who did not respond to ipilimumab
compared with those benefitting from this option (292).
Mechanistically, the ADAR1/miR-222/ICAM1 axis has been
reported to be involved in this process (292). Other miRNAs
such as miR-488-3p, miR-195 and miR-211 participate in the
regulation of response to the chemotherapeutic agent cisplatin
(130, 162, 163)

Application of miRNAs in the therapeutic settings is limited
by target specificity issues (293). However, some miRNAs are
currently being tested in some diseases. Among these therapeutic
Frontiers in Oncology | www.frontiersin.org 29208
modalities are miR-122/miravirsen and miR-92/MRG 110 which
have been manufactured by Roche/Santaris and Regulus
Therapeutics, respectively (293).
ASSOCIATION BETWEEN
POLYMORPHISMS WITHIN MIRNAS AND
RISK OF MELANOMA

Theoretically, polymorphisms with miRNA coding genes can
alter their expression or function. Although such polymorphisms
are predicted to influence the risk of different cancers such as
melanoma, this field has not been vastly explored. Few studies
have assessed association between a certain polymorphism
within miR-146a namely the rs2910164 G/C and melanoma
risk. In spite of the proposed role for allele C of this
polymorphism in conferring risk of melanoma (294, 295), cell
line studies have shown that G allele confers high proliferative
capacity to melanoma cells (296). Table 6 summarizes the results
of these studies.
TABLE 3 | Continued

microRNA Sample number Kaplan-Meier analysis Univariate cox regression Multivariate cox regression Reference

miR-200c 65 primary melanoma tissues and
67 melanoma metastases

Its low expression is
associated with shorter
DMFS and MSS.

– Its expression pattern can be an
independent prognostic factor of
survival

(125)

miR-200a 46 melanoma tissues and paired
ANTs

Its low expression is
associated with poor OS.

– – (195)

miR-125 65 primary melanoma tissues and
67 melanoma metastases

Its low expression is
associated with shorter
DMFS and MSS.

– Its expression pattern can be an
independent prognostic factor of
survival

(125)

miR-150 51 melanoma tissues and paired
ANTs

Its low expression is
associated with short RFS
and OS.

– – (117)

let-7b 106 mucosal melanoma tissues,
mucosal nevi samples

Its low expression is
associated with poor DFS.

Its expression level correlates with
DFS in melanoma patients

Its expression pattern is an
independent prognostic marker for
DFS

(211)

let-7c 106 mucosal melanoma tissues,
mucosal nevi samples

Its low expression is
associated with poor DFS.

Its expression level correlates with
DFS in melanoma patients

Its expression pattern is an
independent prognostic marker for
DFS

(211)

miR-126 108 primary cutaneous melanoma
tissues, 18 melanoma metastases
and 16 dysplastic nevi samples

Its low expression is
associated with poor OS in
melanoma patients

– Can be an independent prognostic
factor for overall survival

(251)

miR-127 40 melanoma tissues and paired
ANTs

Its low expression is
associated with short OS

– – (256)

miR-22 48 melanoma tissues and paired
ANTs

Its low expression is
associated with shorter OS

– – (257)

miR-610 105 melanoma tissues and ANTs Its low expression is
associated with short 5-year
survival

– – (260)

miR-431 113 melanoma tissues and paired
ANTs

Its low expression is
associated with poor OS in
melanoma patients

Can be a potential prognostic
marker for melanoma patients

Can be an independent prognostic
factor for melanoma patients

(267)

miR-140-
3p

25 melanoma tissues and paired
ANTs

Its low is associated with
poor OS

Its expression pattern correlates
with OS in melanoma patients

Its expression pattern is an
independent prognostic factor for
OS in melanoma patients

(271)

miR-125b 29 FFPE melanoma specimens
and 16 intradermal nevus
specimens

Its low expression is
associated with short OS

– Its expression level can be an
independent prognostic marker for
OS

(281)
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TABLE 4 | Application of miRNAs as diagnostic tools in melanoma.

microRNA Expression
pattern

Sample Diagnostic biomarker ROC curve analysis Reference

Sensitivity Specificity Area under the
ROC curves (AUC)

miR-16
miR-211-
5p
miR-4487
miR-4706
miR-4731
miR-509-
3p
miR-509-
5p

Upregulated
Upregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated

Serum samples Diagnostic (diagnosis of presence of
melanoma)

93% ≥ 82% – (23)

miR-211-
5p

Downregulated Tissue samples Diagnostic (invasive melanoma) – – 0.933 (282)
Tissue samples Diagnostic

(melanoma in situ)
– – 0.933

Tissue samples Diagnostic
(dysplastic nevi)

– – 0.951

miR-211 Downregulated Tissue samples Diagnostic (discriminating melanomas from
nevi)

90% 86.2% 0.862 (283)

miR-532-
5p
miR-106b

-
-

Serum exosomes Diagnostic (distinguishing melanoma
patients from healthy individuals)

– – 0.936 (284)

miR-15b-
5p

Upregulated Plasma samples Diagnostic (diagnosis of cutaneous
melanoma)

90.0% – 0.80 (285)

miR-150-
5p

Upregulated Plasma samples Diagnostic (diagnosis of cutaneous
melanoma)

96.7% – 0.94

miR-149-
3p

Upregulated Plasma samples Diagnostic (diagnosis of cutaneous
melanoma)

93.3% – 0.95

miR-193a-
3p

Downregulated Plasma samples Diagnostic (diagnosis of cutaneous
melanoma)

76.7 – 0.84

miR-524-
5p

Downregulated Plasma samples Diagnostic (diagnosis of cutaneous
melanoma)

90.0% – 0.80

miR-149-
3p
miR-150-
5p
miR-193a-
3p

Upregulated
Upregulated
Downregulated

Plasma samples Diagnostic (diagnosis of cutaneous
melanoma)

94.8% – 0.97

hsa-miR-
186
hsa-let-7d
hsa-miR-
18a
hsa-miR-
145
hsa-miR-
99a
hsa-miR-
664
hsa-miR-
501-5p
hsa-miR-
378
hsa-miR-
29c
hsa-miR-
1280
hsa-miR-
365
hsa-miR-
1249
hsa-miR-

Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
-
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
-
Downregulated

Blood samples (expression
of miRNAs in blood cells)

Diagnostic 98.9% 95% 97.4% (286)
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DISCUSSION

Dysregulation of miRNAs in melanoma samples and cell line
have been reported by several studies. The functional
consequences of such dysregulation on cell behavior have also
been appraised. However, the underlying mechanism of such
dysregulation is not clarified completely. Copy number
variations in miRNA-coding genes or genes associated with the
biogenesis or function of miRNAs may be responsible for the
observed dysregulation of miRNAs in melanoma and other types
of cancers (10). Moreover, the role of epigenetic factors in this
process should not be ignored. For instance, CpG methylation of
the miR-34a promoter has been suggested as an underlying
mechanism for down-regulation of this miRNA in primary
melanoma samples and melanoma cell lines (297). Another
possible mediators of miRNA dysregulation in the melanoma
are melanoma-inducing transcription factors such as MITF
whose role in the expression of a number of miRNAs has been
verified (298). As several miRNAs are implicated in the
modulation of skin response to ultraviolet radiation (299), this
environmental carcinogen might also affect expression of
miRNAs which are involved in the melanomagenesis.

Mechanistically, several melanoma-associated miRNAs
function upstream or downstream of known oncogenes in
melanoma. For instance, miR-137 and miR-182 are among
miRNAs that target MITF oncogene (54, 300). Moreover,
expressions of several miRNAs such as a number of let-7
family members, miR-221/222, miR-17-92 and miR-106-363
clusters, miR-29, miR-146a, miR-148b, and miR-125b have
been shown to be modulated by MITF (298). Moreover,
several miRNAs such as miR-7, miR-23a and miR-596 have
functional interactions with MAPK/ERK and PI3K/PTEN/Akt
signaling pathways in the context of melanoma. A number of
Frontiers in Oncology | www.frontiersin.org 31210
miRNAs such as miR-378, miR-10b, miR-25, miR-485-5p, miR-
708, miR-136, miR-488-5p, miR-29a, miR-22 and miR-140-5p
have interactions with Wnt/b-catenin pathway. Finally, miR-21,
miR-7-5p, miR-23b, miR-145-5p, miR-9, miR-29a, miR-377 and
miR-140-5p interacts with NF-kB signaling in the context of
melanoma development. Thus, a number of miRNAs provide
functional links between cancer-related pathways in this context.

miRNAs have functions both in the paternal cell in which
they are produced as well as in the adjoining cells. These
transcripts can modulate characteristics of adjacent melanoma
cells or directly affect tumor niche by modifying extracellular
matrix and function of resident cells in this environment
including fibroblasts and endothelial or immune cells. This
activity of miRNAs potentiates them as contributors of
melanoma metastatic potential through affecting intravasation
of cancer cells into vessels, viability of tumor cells in the
circulation, their leakage in the target tissues, and
establishment of the pre-metastatic milieu in remote
organs (301).

Several miRNAs have been shown to differentiate melanoma
patients from healthy subjects or distinguish betweenmetastatic and
non-metastatic melanoma patients. The prognostic assays founded
on miRNAs signature can enhance the efficacy of conventional
staging systems in predicting patients’ prognosis and their
management in the clinical settings in the terms of choosing
adjuvant therapies or clinical trial enrolment. Therefore, these
miRNAs are potential biomarkers for this kind of skin cancer.

Numerous miRNAs have been dysregulated in tumor samples
or peripheral blood of patients with melanoma. Such
dysregulation can be used as biomarker for early detection of
melanoma or follow-up of patients after initial treatments to
uncover any possible tumor recurrence. Blood-based biomarkers
are expected to substitute invasive methods of cancer diagnosis
TABLE 4 | Continued

microRNA Expression
pattern

Sample Diagnostic biomarker ROC curve analysis Reference

Sensitivity Specificity Area under the
ROC curves (AUC)

328
hsa-miR-
422a
hsa-miR-
30 d
hsa-miR-
17
miR-125b Downregulated Tissue samples Diagnostic biomarker (diagnosis of

melanoma)
– – 0.880 (281)

miR-211 Downregulated Serum samples Diagnostic biomarker (distinguish metastatic
from uveal melanoma localized one)

– – 0.96 (287)

miR-16
miR-145
miR-146a
miR-204
miR-211
miR-363-
3p

Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated

Serum samples Diagnostic biomarker (identifying uveal
melanoma)

93% 100% –

miR-10b Upregulated Serum samples Diagnostic biomarker (distinguishing
melanoma patients from controls)

– – 0.841 (275)
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in future. Based on the heterogeneous pattern of miRNAs
expression in tumor samples and the varied expressions among
affected individuals, multi-miRNA panels are more promising in
the diagnostic approaches compared with individual miRNAs.

Finally, miRNAs might be implicated in the anti-cancer effects
of a number of therapeutic agents including both chemical and
herbal medicines. Evidence for supporting this idea has come
from several studies including a study which revealed the role of
miR-27a in mediating the anti-proliferative effects of Genistein in
human uveal melanoma cells (291). Moreover, the observed up-
regulation of miR-222 in melanoma samples obtained from
patients who did not respond to ipilimumab compared with
Frontiers in Oncology | www.frontiersin.org 32211
those benefitting from this option (292) implies its contribution
in resistance to this agent. Therefore, miRNAs are promising
targets for modulation of response of melanoma cells to a wide
range of therapeutic options.
PERSPECTIVES AND FUTURE
DIRECTIONS

Assessment of expression pattern of miRNAs in cohorts of
melanoma patients from different ethnicities and uncovering
TABLE 5 | Prognostic role of miRNAs in melanoma as identified by ROC curve analysis.

microRNA Expression
pattern

Sample Prognostic biomarker ROC curve analysis Reference

Sensitivity Specificity Area under the ROC
curves (AUC)

miR-150-
5p

Downregulated Serum
samples

Prognostic (discrimination of survival in stage IV) – – 0.69 (118)

Tissue
samples

Prognostic (discrimination of stage) – – 0.733

miR-142-
3p

Downregulated Serum
samples

Prognostic (discrimination of stage IV from stage III) – – 0.69

Tissue
samples

Prognostic (discrimination of stage) – – 0.797

miR-142-
5p

Downregulated Tissue
samples

Prognostic (discrimination of stage) – – 0.733

miR-150-
5p
miR-142-
3p
miR-142-
5p

Downregulated
Downregulated
Downregulated

Tissue
samples

Prognostic (discrimination of stage) – – 0.838

miR-4633-
5p

Downregulated Tissue
samples

Prognostic (identifying metastatic sinonasal mucosal
melanoma)

87.5% 100% 0.88 (175)

miR-1246
miR-185

Upregulated
Upregulated

Plasma
samples

Prognostic (identifying metastatic melanoma) 90.5% 89.1% – (288)

miR-9
miR-145
miR-150
miR-155
miR-205

Upregulated
-
-
-
-

Serum
samples

Prognostic (distinguishing metastatic melanoma) – – 0.77 (289)

miR-532-
5p
miR-106b

-
-

Serum
exosomes

Prognostic (distinguishing patients with and without
metastasis)

– – 0.818 (284)

Serum
exosomes

Prognostic (discriminates stage I–II patients from
stage III–IV patients)

– – 0.820

miR-23a Downregulated Serum
samples

Prognostic (distinguishing primary melanoma from
metastatic one)

76.0% 75.3% 0.797 (106)

miR-195
miR-224
miR-365a
miR-365b
miR-452
miR-4709
miR-7702
miR-513c
miR-873

-
-
-
-
-
-
-
-
-

Tissue
samples

Prognostic biomarker (for OS) – – 0.858 (290)

let-7b Downregulated Tissue
samples

Prognostic biomarker (for DFS) – – 0.634 (211)

let-7c Downregulated Tissue
samples

Prognostic biomarker (for DFS) – – 0.647

miR-10b Upregulated Serum
samples

Prognostic biomarker (advanced stage vs early
stage)

– – 0.785 (275)
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their association with genetic polymorphisms would
facilitate design of prognostic/diagnostic panels. The
relationship between aberrant miRNA profile and response to
therapeutic regimens should be unraveled. Such kinds of
approaches pave the way for design of personalized methods of
treatment of melanoma. Therapeutic targeting of miRNAs can
influence melanoma course and enhance sensitivity to both
conventional therapies and immunotherapeutic approaches.
Yet, safety and bioavailability issues remained to be
Frontiers in Oncology | www.frontiersin.org 33212
solved before implementation of these techniques in the
clinical settings.
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Cutaneous melanoma (CM) is the leading cause of skin cancer deaths and is typically
diagnosed at an advanced stage, resulting in a poor prognosis. The tumor
microenvironment (TME) plays a significant role in tumorigenesis and CM progression,
but the dynamic regulation of immune and stromal components is not yet fully
understood. In the present study, we quantified the ratio between immune and stromal
components and the proportion of tumor-infiltrating immune cells (TICs), based on the
ESTIMATE and CIBERSORT computational methods, in 471 cases of skin CM (SKCM)
obtained from The Cancer Genome Atlas (TCGA) database. Differentially expressed genes
(DEGs) were analyzed by univariate Cox regression analysis, least absolute shrinkage, and
selection operator (LASSO) regression analysis, and multivariate Cox regression analysis
to identify prognosis-related genes. The developed prognosis model contains ten genes,
which are all vital for patient prognosis. The areas under the curve (AUC) values for the
developed prognostic model at 1, 3, 5, and 10 years were 0.832, 0.831, 0.880, and 0.857
in the training dataset, respectively. The GSE54467 dataset was used as a validation set
to determine the predictive ability of the prognostic signature. Protein–protein interaction
(PPI) analysis and weighted gene co-expression network analysis (WGCNA) were used to
verify “real” hub genes closely related to the TME. These hub genes were verified for
differential expression by immunohistochemistry (IHC) analyses. In conclusion, this study
might provide potential diagnostic and prognostic biomarkers for CM.

Keywords: cutaneous melanoma, tumor microenvironment, ESTIMATE, CIBERSORT, protein–protein interaction,
weighted gene co-expression network analysis, tumor- infiltrating immune cells, prognosis
INTRODUCTION

Cutaneous melanoma (CM), a highly aggressive malignancy, represents approximately 2% of skin cancers
and approximately 75%of skin cancerdeaths due to rapidprogression andmetastasis (1). Surgical resection
is the optimal treatment option for most early stage melanomas, but limited effective late-stage therapies
exist, and only a small proportion of late-stage patients respond to single or combined therapies, limiting
patient survival (2).AdditionalexplorationofCMcarcinogenesis andtreatmentremainsurgentlynecessary.
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Recently, increasing evidence indicates that the tumor
microenvironment (TME) is involved in tumor development.
Interactions between cancer cells, stromal cells, and tumor-
infiltrating immune cells (TICs) are critical for malignant
cancer progression, including the promotion of replicative
immortality, invasion, metastasis, and immune surveillance
evasion. The TME influences clinical outcomes and contains
potential targets for therapeutic modulation (3). Several studies
have reported that TICs represent a promising TME index for
evaluating therapeutic efficacy (4). TIC components and their
activation states are vital parameters that affect patient prognosis
and tumor characteristics. Anti-cytotoxic T-lymphocyte antigen 4
(CTLA-4) therapy can activate T cells and induce programmed-
death ligand 1(PD-L1) expression in tumor cells and TICs. In
many cancers, including CM, CD8+ T cell activation can prolong
patients’ survival times (5). A study indicated that increased CD8+

T cell trafficking contributes to anti-programmed-death 1 (PD-
1)/CTLA-4 therapeutic efficacy against melanoma metastasis and
may represent an effective immunotherapy strategy (6).
Neutrophils also play a context-dependent role in melanoma
and can actively switch to an anti-tumor mode (7). These studies
suggested that crosstalk between cancer cells and the TME plays
an indispensable part in CM development, which has made the
accurate delineation of the dynamic regulatory effects of immune
and stromal components on the TME challenging.

In the present study, the proportions of immune and stromal
components and the TIC ratio were quantified based on the
ESTIMATE and CIBERSORT computational methods in skin CM
(SKCM) samples obtained from The Cancer Genome Atlas (TCGA)
database. Differentially expressed genes (DEGs) were identified in
the high-ImmuneScore and high-StromalScore groups compared
with the corresponding low-score groups. We utilized patient
survival information obtained from TCGA to perform univariate
Cox regression, least absolute shrinkage and selection operator
(LASSO) regression, and multivariate Cox regression analyses to
verify prognosis-related genes. The 79 SKCM samples from the
GSE54467 dataset were used as a validation set to verify the
predictive ability of the prognostic model. Additionally, we defined
a protein–protein interaction (PPI) network based on the identified
DEGs to verify hub genes. DEGs in the TCGA database were also
examined by weighted gene co-expression network analysis
(WGCNA) to identify hub genes related to the ImmuneScore and
StromalScore of SKCM. Genes identified in both networks were
identified as “real” hub genes critical to the TME. These “real” hub
genes were verified by examining differential expression using
immunohistochemistry (IHC) analyses. These results provided a
better understanding of the underlying biological mechanisms of
immune-related genes and may improve SKCM prognosis.
MATERIALS AND METHODS

Data Collection and Data Processing
The RNA sequencing (RNA-seq) data of 471 SKCM samples
were downloaded from TCGA (https://portal.gdc.cancer.gov/).
Corresponding clinical information was obtained from the
Frontiers in Oncology | www.frontiersin.org 2222
UCSC Xena database (http://xena.ucsc.edu/). We used the
fragments per kilobase of transcript per million mapped reads
(FPKM) method to standardize the data (8). To ensure that
significantly expressed genes were evaluated, genes with average
expression values <0.1 were excluded from each case. P-values of
DEGs were identified using aWilcox test. Genes with fold change
(FC) >1 (high- and low-score groups) and false discovery rate
(FDR) <0.05 after log2 transformation were regarded as DEGs.

To increase robustness, RNA-seq data and clinical
information from an independent cohort of 79 tumor samples
were obtained from the GSE54467 dataset (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE54467) as a validation
set. Processed expression data were log2 transformed before
further analysis. When multiple probes corresponded to the
same gene, the average of all probes was used. Data
normalization and background adjustments were conducted
using the “limma” R package.

A total of 80 samples were collected from CM patients who
underwent surgical resection at the Third Affiliated Hospital of
Kunming Medical University from January 2013 to December
2016. CM and adjacent normal tissues were obtained as
formalin-fixed paraffin-embedded (FFPE) samples. The study
was approved by the Ethics Committee of the Third Affiliated
Hospital of Kunming Medical University. The clinical materials
and outcome data were reviewed after approval was obtained
from the institutional review board.

Generation of the ImmuneScore,
StromalScore, and ESTIMATEScore
The proportions of immune-stromal TME components were
quantified for each patient using the ESTIMATE R package. The
algorithm includes the ImmuneScore, StromalScore, and
ESTIMATEScore, which positively correlate with proportions of
immune components, stromal components, and both, respectively,
with higher scores indicating increased proportions in the TME (9).

Functional Enrichment Analysis
The Gene Ontology (GO) analysis consists of biological
processes (BPs), cellular components (CCs), and molecular
functions (MFs) (10). The Kyoto Encyclopedia of Genes and
Genomes (KEGG) database is used for the functional annotation,
systematic analysis, and visualization of gene functions (11). GO
functional annotations and KEGG enrichment analyses were
used to understand the potential biological significance of genes
using the clusterProfiler package in R. We listed the top 10 terms
in every category, limited to those terms with both p- and q-
values <0.05.

Risk Score System Establishment
Patients’ clinical information was downloaded from the UCSC
Xena database. After removing samples without survival data,
454 samples remained for follow-up survival analysis. We
randomly divided the samples into training (227 samples) and
test (227 samples) groups to ensure the generalizability of the
prognostic signature. Univariate Cox proportional hazards
regression analysis was performed on the training cohort, with
May 2021 | Volume 11 | Article 615963
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P <0.01 designated as significant, and significant variables were
integrated into the LASSO regression analysis (12). To produce
the minimum cross-validation error, LASSO regression analysis
was used to generate a generalized linear model with 10-fold
cross-validation (13). A multivariate Cox proportional hazard
regression model, based on the two-step method, was generated
to verify key genes involved in the prognostic model. Ten
immune-related genes and their corresponding coefficients
were used to generate the prognosis model for SKCM. The risk
score for each patient was calculated as follows:

Riskscore = exprgene1 ∗ bgene1 + exprgene2 ∗ bgene2

+ exprgene3 ∗ bgene3………exprgenen ∗ bgenen

where expr represents the selected gene expression level, and b
represents the regression coefficients of the multivariate Cox
regression model (14). A risk score was calculated for each
sample included in this study. Patients were stratified into
high- and low-risk groups, according to the median risk value.

CIBERSORT Estimation
The relative proportions of 22 immune cell types were calculated
in each SKCM sample based on the expression file, as assessed by
CIBERSORT (15). TIC abundance profiles for all tumor samples
were estimated using CIBERSORT. Only the 260 tumor samples
with P <0.05 in the CIBERSORT analysis were considered
eligible for subsequent analyses.

PPI Network Construction and
Module Analysis
A PPI network can identify hub genes and gene modules
according to the level of interaction. The Search Tool for The
Retrieval of Interaction Genes (STRING, https://string-db.org/)
is an online tool for analyzing consensus genes and constructing
PPI networks (16). DEGs were submitted to the STRING
database to evaluate PPI information, and nodes with
interaction scores >0.95 were selected for PPI network
construction. The PPI network was visualized using Cytoscape
3.7.0 software. The top 30 genes, according to the number of
nodes, were designated hub genes in the PPI analysis. The
biological significance of gene modules was visualized with the
plug-in Molecular Complex Detection (MCODE) in Cytoscape
to identify the most significant module (17).

Co-expression Network Construction
of DEGs
The WGCNA package in R was used to generate a co-expression
network of DEGs. Pearson’s correlation analysis was conducted
as a similarity measure for all pair-wise genes. The power
function Amn = |Cmn|b (Cmn = Pearson’s correlation between
gene m and gene n; Amn = adjacency between gene m and gene
n) allowed for the construction of a weighted adjacency matrix.
The soft threshold power (b) of the correlation matrix was used
to emphasize strong correlations between genes and penalize
weak correlations. A b value was selected to construct a co-
expression network, and the adjacency was transformed into a
Frontiers in Oncology | www.frontiersin.org 3223
topological overlap matrix (TOM) to measure the network
connectivity of genes (18). To identify genes with expression
profiles similar to the gene modules, we used average linkage
hierarchical clustering based on TOM dissimilarity
measurements, and the minimum number of genes per module
was set to the default of 20 (19). Dissimilarities among the
module eigengenes (MEs) in the module dendrogram were
calculated, and similar modules were merged.

Identification of Significant Modules and
Functional Annotation
Correlations between clinical information and modules were
determined using two methods. MEs were used as the
principal component for each gene module. Gene significance
(GS) scores were calculated to determine correlations among
gene expression in the module, defined as the log10
transformation of the P-value (GS = logP) for each gene.
Module significance (MS) was defined as the average GS in a
specific module, representing the correlation between the
module and scores. In general, modules with the largest MS
values were considered those associated with the scores. To
explore the functions of the modules, GO and KEGG
enrichment analyses were used to identify the underlying
biological significance of module genes. Only terms with both
p- and q-values <0.05 were included.

Finding “Real” Hub Gene and Verification
In this study, we selected two important modules in the co-
expression network, and hub genes were defined as those with
high module membership (MM), as measured by Pearson’s
correlation analysis (weighted correlation 0.8). The hub genes
in the module had the highest correlation with the scores
(weighted correlation 0.5). A PPI network with a combined
interaction score of >0.95 was constructed. The top 30 genes,
ordered by the number of nodes, were selected as hub genes in
the PPI analysis. Hub genes identified in both the co-expression
and PPI networks were regarded as “real” hub genes for
subsequent analysis.

First, the GEPIA database (http://gepia.cancer-pku.cn) and
the Human Protein Atlas (HPA; http://www.proteinatlas.org/)
were used to validate the expression of “real” hub genes between
tumor and normal skin tissues in SKCM (20). Then, the
differential expression of “real” hub genes was verified in 80
human CM tissues and adjacent tissues analyzed by IHC. In
addition, we investigated four genes reported as key targets for
immune checkpoint inhibitors: PD-1 and its ligand PD-L1,
indoleamine 2,3-dioxygenase 1 (IDO1), and CTLA-4 in cancer
(21–23). To determine the possible roles of our “real” hub genes
in immune checkpoint blockade (ICB) treatment, we analyzed
the correlation between these immune checkpoint inhibitors and
our hub genes. The Tumor Immune Estimation Resource
(TIMER) (https://cistrome.shinyapps.io/timer/) algorithm was
used to explore the correlation between “real” hub genes and
immune cell infiltration in SKCM patients (24). All statistical
analyses were performed using R software (version 3.6.3).
Differences were considered significant at P <0.05.
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IHC
Paraffin-embedded tumor samples and adjacent samples from CM
patients were collected, fixed with 10% formalin buffer,
dehydrated, and sectioned. IHC staining was performed using
rabbit anti-VAV1 antibody (1:100), rabbit anti-ITGB2 antibody
(1:200), and rabbit anti-HLA-DRA antibody (1:200).
Semiquantitative expression levels were used to determine the
extent and intensity of stained tumor cells. The staining intensity
was divided into four levels: blank = 0, yellow = 1, dark yellow = 2,
and brown = 3. The frequency of positive cells was divided into
five levels: 0–5% = 0, 6–25% = 1, 26–50% = 2, 51–75% = 3, and 76–
100% = 4. The immune response score was calculated as the stain
intensity score multiplied by the frequency of positive cells. All
slides were independently evaluated by two pathologists blinded to
the patient’s identity and clinical diagnosis.
RESULTS

Scores Correlate With Survival and Are
Clinically Relevant in SKCM Patients
In the present study, we systematically analyzed the critical roles
and prognostic value of genes related to immune infiltration in
SKCM. Figure 1 shows the overall study design. Correlations
between immune and stromal cell proportions and survival rates
were determined by grouping melanoma patients into high- and
low-score groups, according to the median value of 471 SKCM
patients. Kaplan–Meier survival curves were conducted for the
ImmuneScore, StromalScore, and ESTIMATEScore. As shown in
Figure 2A, high-ImmuneScore patients had better survival than
Frontiers in Oncology | www.frontiersin.org 4224
low-ImmuneScore patients. Although no significant correlation was
found between the StromalScore and overall survival (OS) (Figure
2B), the OS was significantly higher among high-ESTIMATEScore
patients than low-ESTIMATEScore patients (Figure 2C). These
results indicated that the proportions of immune components were
significant prognosis indicators for SKCM patients.

To clarify the correlation between scores and clinical features, we
analyzed the clinical features of SKCM patients from the UCSC
Xena database. Older patients had significantly lower scores than
younger patients (Figure 2D; P = 0.009 and P = 0.001, respectively).
Women had higher ImmuneScores and StromalScores than men
although not significantly different (Figure 2E; P = 0.071 and P =
0.340, respectively). Advanced-stage cases generally had higher
scores than early stage cases (Figure 2F; P = 0.066 and P = 0.007,
respectively), andmetastatic tumors had higher scores than primary
tumors (Figure 2G; P < 0.001). Patients without ulcerations or with
lower Breslow depths had higher immune and stromal scores
(Figures 2H, I). These results indicated that the TME, especially
TICs, may play indispensable roles in SKCM progression, although
further exploration remains necessary.

Identification of DEGs Shared by the
ImmuneScore and StromalScore
To clarify changes in gene expression levels among immune and
stromal components in the TME, we compared high- and low-
score samples to identify DEGs. The results indicated that 927
genes were upregulated, and 280 genes were downregulated by
comparing the high-score group vs. the low-score group for the
ImmuneScore. Similarly, 1,093 genes were upregulated, and 207
genes were downregulated by comparing the high-score group
vs. the low-score group for the StromalScore (Figures 3A, B).
FIGURE 1 | Analysis workflow of this study.
May 2021 | Volume 11 | Article 615963
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ImmuneScore, -StromalScore, and -ESTIMATEScore groups by comparison with the median scores for each analysis. (D–I) Correlation between the ImmuneSc
metastasis (TNM) stage, tumor location, ulceration status, and Breslow depth.
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The identified intersection genes included 749 upregulated and
74 downregulated genes in both the high-ImmuneScore and
high-StromalScore groups compared with the low-score groups,
as displayed in the Venn diagram (Figures 3C, D). The functions
of these 823 genes were predicted, and GO analysis was
performed, which showed that these genes were primarily
associated with immune-related GO terms, such as leukocyte
cell–cell adhesion and leukocyte proliferation (Figure 3E). The
genes were highly enriched in cell adhesion molecules, cytokine–
cytokine receptor interactions, and hematopoietic cell lineages,
according to KEGG analysis (Figure 3F). The gene enrichment
analysis indicated that these genes were primarily associated with
immune-related pathway activation, suggesting that immune
factors play an indispensable role in the TME of SKCM patients.
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Prognosis-Related Model Construction
and Analysis
Among the intersecting DEGs, 436 genes were significantly
correlated with prognosis by univariate Cox regression analysis
(Supplementary Table 1). The genes with the highest potential
prognostic significance were identified by LASSO regression
analysis. Following 10-fold cross-validation, 20 genes remained
(Figures 3G, H). A multivariate Cox proportional hazards model
was generated to build an immune-related prognostic signature
based on the LASSO regression analysis (Figure 3I). Ten genes
(nuclear receptor subfamily 1 group H member 3, NR1H3;
interleukin 18 receptor accessory protein, IL18RAP; CD40;
glycine receptor alpha 2, GLRA2; tumor necrosis factor (TNF)
alpha-induced protein 2, TNFAIP2; C4B; epididymal sperm
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FIGURE 3 | Heatmaps, Venn diagrams, and enrichment analysis of differentially expressed genes (DEGs) and the construction of the prognostic classifier.
(A, B) Heatmap for DEGs generated by comparing the high-score group vs. the low-score group for the ImmuneScore and StromalScore. (C, D) Venn diagrams
showing common upregulated and downregulated DEGs shared by the ImmuneScore and StromalScore analyses. (E, F) Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses for 823 DEGs. (G, H) The number of included factors was determined by LASSO analysis.
(I) A forest plot showing the hazard ratios (HRs) and P-values from the multivariate Cox regression.
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binding protein 1, ELSPBP1; immunoglobulin superfamily
member 9, IGSF9; hepcidin antimicrobial peptide, HAMP; and
gamma-aminobutyric acid type A receptor subunit alpha5,
GABRA5) were identified by the multivariate Cox proportional
hazards regression analysis and were used to generate a
prognostic signature by calculating a risk score, as follows:

Riskscore = ( − 0:2685� NR1H3) + ( − 1:5631� IL18RAP)

+ ð−0:3943� CD40) + (0:7016� GLRA2)

+ (0:6504� TNFAIP2) + ( − 0:5186� C4B)

+ (0:4602� ELSPBP1) + (0:8657� IGSF9)

+ ð−0:3526�HAMP) + (0:4398� GABRA5)

We divided patients into low- and high-risk groups based on the
median risk score of the training group. The risk score distribution
was ranked according to the risk score values shown in the training
cohort, the external validation cohort, and the whole cohort. Patients
with a high-risk score had higher mortality than patients with a low-
risk score (Figure 4A). Consistent with these results, the Kaplan–
Frontiers in Oncology | www.frontiersin.org 7227
Meier curves suggested that patients in the low-risk grouphadhigher
survival than those in the high-risk group (Figure 4B; all P < 0.01).
The results showed that the risk scores obtained using the ten-gene
prognostic signature predicted survival at 1, 3, 5, and 10 years, with
respectiveAUCvalues of 0.832, 0.831, 0.880, and0.857 in the training
cohort, 0.636, 0.678, 0.740, and 0.709 in the GSE54467 validation
cohort, and 0.736, 0.711, 0.732, and 0.712 in the whole cohort,
respectively (Figure 4C). These results indicated the high
sensitivity and accuracy of the ten-gene prognostic signature in CM.

We evaluated the independent prognostic value of our ten-
gene model (Figure 5A). The risk score was analyzed in
combination with age, sex, tumor node metastasis (TNM)
stage, tumor location, ulceration status, and Breslow depth,
which are closely related to patient survival. Multivariate Cox
regression analysis indicated that the ten-gene model is a robust
and independent prognostic factor in the whole cohort (P <
0.001, Figure 5B). Although only age, sex, and TNM stage data
were available for GSE54467, we also tested the validation
dataset, which demonstrated consistent results (Supplementary
Figures 1A, B). The correlation between our prognostic
signature and clinical SKCM characteristics was evaluated for
the whole cohort (Figure 5C). The results indicated that our
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FIGURE 4 | Risk score analyses for the developed immune-related prognostic signature in the training cohort, the external validation cohort, and the whole cohort.
(A) Patients were ranked by risk score values and the corresponding survival status. (B) Kaplan–Meier curves for the immune-related signature. (C) Receiver
operator characteristic (ROC) curves for survival as predicted by the risk score.
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prognostic model was not associated with sex or TNM stage but
was significantly correlated with age (P < 0.001), tumor location
(P < 0.001), ulceration status (P = 0.011), and Breslow depth (P <
0.001) in CM, suggesting that the genes in our prognostic model
may play essential roles in CM progression.

To build a quantitative model for survival probability
prediction in SKCM, we used the ten-gene marker to develop a
nomogram plot for estimating the survival probability after 1, 3,
and 5 years in the TCGA cohort (Figure 5D). The nomogram
performance was visualized intuitively by drawing calibration
plots, which indicated that the prediction results were consistent
with the observed results (Figures 5E, F).

Correlation Between Risk Score and TIC
Proportions
The TIC subsets in the TME were quantified according to the
CIBERSORT algorithm to determine correlations with the risk
Frontiers in Oncology | www.frontiersin.org 8228
score. The abundances of 22 immune cell types in SKCM
patients were obtained (Figure 5G). Nine TIC types were
associated with low- and high-risk groups (Figure 5H,
Supplementary Figures 1C, D), including three TIC types
positively correlated with the risk score: M0 macrophages, M2
macrophages, and activated dendritic cells. Memory B cells,
plasma cells, CD8+ T cells, CD4-activated memory T cells,
regulatory T cells (Tregs), and M1 macrophages were
negatively correlated with the risk score. These results
demonstrated that the risk score might serve as an immune
activity indicator.

PPI Network Analysis of DEGs
To determine the hub genes and relevant gene modules involved
in SKCM, we built a PPI network for the DEGs using Cytoscape
software based on data obtained from the STRING database. The
network consisted of 282 nodes and 746 edges (Figure 6A). The
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FIGURE 5 | The analysis of the prognosis-related model. (A, B) Univariable and multivariable analyses based on the risk group and other clinical features in the
TCGA cohort. (C) Box plots displaying the correlation between different clinical features and the risk score. (D) Nomogram showing the overall survival (OS) for 1, 3,
and 5 years in the TCGA cohort. (E, F) Calibration plots of the nomogram for predicting OS at 3 and 5 years. (G) Bar plot showing the ratios of 22 tumor-infiltrating
immune cells (TIC) types in skin cutaneous melanoma (SKCM) patients. (H) Violin plot showing the proportions of 22 types of TICs in SKCM patients with low- or
high- risk scores relative to the median risk score.
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top 30 genes according to the number of nodes were displayed in
a bar plot (Figure 6B). The top significant module was identified
by the plug-in MCODE in Cytoscape (Figure 6C). Functional
and pathway enrichment analyses of the DEGs in the top module
were performed. The GO analysis showed that DEGs in the top
module were involved in the leukocyte chemotaxis and cell
chemotaxis in BPs. The CC analysis indicated genes enriched
on the external side of the plasma membrane. The MF analysis
showed genes enriched in G protein-coupled receptor binding
and chemokine receptor binding (Figure 6D). KEGG analysis
revealed DEGs principally involved in the chemokine signaling
pathway (Supplementary Figure 2A).

WGCNA of DEGs
In this study, 471 scored SKCM samples were used for co-
expression analysis. The soft-thresholding power was set to 5 to
generate a scale-free network (Figures 7A, B). A total of eight
modules were verified based on the SKCM scores (Figure 7C).
Module-trait correlation analyses showed the turquoise and blue
modules with the highest score associations (Figure 7D). GO
(Figures 7E, F) and KEGG (Supplementary Figures 2B, C)
enrichment analyses indicated that the turquoise module was
principally concentrated in T cell activation, regulation of
lymphocyte activation, and regulation of T cell activation,
Frontiers in Oncology | www.frontiersin.org 9229
whereas the blue module was associated with T cell activation,
leukocyte proliferation, and neutrophil degranulation. The genes
in the blue and turquoise modules were pivotal for immune
cell infiltration.

Hub Genes Related to TICs in SKCM
We identified 15 genes closely related to immune function in the
turquoise module and 32 genes in the blue module as candidate
hub genes (Figures 7G, H). The shared genes between the top 30
PPI nodes and the turquoise and blue modules were identified.
Vav guanine nucleotide exchange factor 1 (VAV1) in turquoise,
integrin subunit beta 2 (ITGB2) and major histocompatibility
complex, class II, DR alpha (HLA-DRA) in blue were identified
as candidates for further analysis and validation (Figures 7I, J).
These genes were defined as “real” hub genes associated with
TICs in SKCM.

To identify the roles played by “real” hub genes in SKCM, we
first used the GEPIA and the HPA database to compare “real”
hub gene expression between CM and normal skin tissues. The
results showed that the three hub genes were significantly
upregulated in tumor tissues compared with normal skin
(Figure 8A, Supplementary Figures 3A–C). Then, we
performed IHC analyses to determine and compare the
expression levels of hub genes in 80 human CM and adjacent
A
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FIGURE 6 | Protein–protein interaction (PPI) network and module analysis. (A) PPI network of differentially expressed genes (DEGs). (B) The top 30 genes were
ranked by the number of nodes. (C) PPI network of the top significant module. (D) Gene ontology (GO) analysis of the top significant module in the PPI analysis.
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tissues. Representative images of IHC staining for the hub genes
are shown in Figure 8B. According to IHC staining results, we
measured the expression of hub genes in 80 CM and adjacent
tissues. The results indicated that the expression of the three hub
genes significantly higher in tumor tissues than in adjacent
tissues (Figure 8C). To understand the functions of “real” hub
genes, we investigated the correlations between hub genes and
immune infiltration using the TIMER database. There was a
positive correlation between hub gene expression and the
immune cell infiltration in SKCM (Figures 9A–C). The
expression of immune checkpoint genes may be associated
with the therapeutic efficacy of immune checkpoint inhibitors
Frontiers in Oncology | www.frontiersin.org 10230
(25). ICB tumor immunotherapy has advanced in recent years,
including for CM (22, 26). We evaluated the association between
four key ICB targets and the “real” hub genes: PD-1, PD-L1,
CTLA-4, and IDO1 (21–23). We found that VAV1 was positively
related to PD-1 (r = 0.73; P < 0.001), PD-L1 (r = 0.35; P < 0.001),
CTLA4 (r = 0.23; P < 0.001), and IDO1 (r = 0.41; P < 0.001)
(Figure 9D). Similar results were obtained for ITGB2 and HLA-
DRA (Figures 9E, F), suggesting that these hub genes may play
significant roles in the responses to ICB immunotherapy in
SKCM. These results indicated that these three genes play
significant roles in immune infiltration processes in SKCM
patients and may represent potential therapeutic targets.
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FIGURE 7 | Modules related to skin cutaneous melanoma (SKCM) scores and hub gene detection. (A, B) Analysis of the scale-free fit index and the mean
connectivity for various soft-thresholding powers. (C) Dendrogram of all differentially expressed genes (DEGs) clustered based on a dissimilarity measure. (D) A
heatmap showing the correlation between the gene modules and scores. (E, F) Gene ontology (GO) analyses of the turquoise and blue modules. (G, H) Scatter plot
of the module eigengenes (MEs) in the turquoise and blue modules. (I, J) Identification of “real” hub genes in the protein–protein interaction (PPI) network and the co-
expression network in the turquoise and blue modules.
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DISCUSSION

The CM incidence and mortality have increased recently, which
is a public issue that attracts worldwide attention. Despite many
studies on SKCM, early diagnosis, treatment, and prognosis
remain poor. Investigating the potential molecular biological
mechanisms underlying SKCM progression and development
is important. Recently, many advanced therapeutic options have
been developed for melanoma patients, improving disease-free
rates and OS. However, limitations persist, including low
sustained response rates, drug toxicity, low tolerance, high cost,
and patient responses are heterogeneous (27). The rapid
development of high-throughput sequencing technology
facilitates the detection of abnormal gene expression during
tumor progression, providing effective targets for diagnosis and
treatment. A lack of reliable biomarkers exists to monitor
therapeutic efficacy. Therefore, we attempted to identify genes
that affect patient prognosis by investigating the TME.

Increasing evidence suggests the TME is a vital modulator of
tumor progression, and the identification of potential therapeutic
Frontiers in Oncology | www.frontiersin.org 11231
targets associated with TME remodeling can promote the TME
transformation from tumor-supportive to tumor-suppressive.
Transcriptome analysis of SKCM data from the TCGA and
Gene Expression Omnibus (GEO) databases demonstrated that
the proportions of immune and stromal components in the
TME had important influences on SKCM progression. Our
results emphasized the importance of interactions between
tumor and immune cells, providing new insights into SKCM
immunotherapy. Despite recent achievements in ICB-based
tumor immunotherapy for advanced SKCM patients (28, 29),
fewer than one-third of patients treated with ICB achieve good
therapeutic effects. Immune checkpoint gene expression cannot
accurately predict ICB treatment efficacy. Therefore, biomarkers
capable of predicting the ICB immunotherapy response are
essential (30).

In this study, we generated an immune-related prognostic
model to predict the patient survival rate, which consisted of
ten genes: NR1H3, IL18RAP, CD40, GLRA2, TNFAIP2, C4B,
ELSPBP1, IGSF9, HAMP, and GABRA5. Some genes in the
model have previously been associated with the formation and
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FIGURE 8 | Validation of “real” hub genes. (A) Hub gene expression in CM and normal skin tissues, based on the GEPIA database. (B) Examples of
immunohistochemistry (IHC) staining for hub genes in CM tissues and corresponding adjacent tissues. (C) The expression of hub genes in 80 human CM tissues
and adjacent tissues analyzed by IHC.
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regulation of the TME. For example, NR1H3 belongs to the NR1
subfamily of nuclear receptors, which are vital regulators of
macrophage function and transcription processes during
inflammation (31). Related studies have demonstrated that
NR1H3 can impair the anti-tumor response by inhibiting the
CCR7 expression on dendritic cells, suggesting a novel mechanism
for immune escape (32). In addition, the NR1H3-mediated
promotion of the epithelial-mesenchymal transition (EMT) and
migration of tumor cells has been reported in several cancers (33,
34). IL18RAP also modulates the TME and impacts cancer
progression through proinflammatory functions. ILI8RAP is an
accessory subunit of the heterodimeric interleukin 18 (IL18)
receptor (35). CD40 is a member of the TNF receptor
superfamily (36). In mouse melanoma, tumor endothelial cells
Frontiers in Oncology | www.frontiersin.org 12232
upregulate IDO1 in response to the increased secretion of
interferon (IFN)g by CD40-stimulated immunotherapy,
revealing a new immunosuppressive feedback mechanism (37).
Immunotherapy success in CM depends on the activation of
functional T cells in the tumor. Singh et al. showed that locally
focused ultrasound (FUS) heating combined with in situ anti-
CD40 agonist antibody improved T cells and macrophage
function, promoting effective melanoma immunotherapy (38).
TNFAIP2 expression can be induced by TNFa. The abnormal
expression of TNFAIP2 has been identified in various malignant
tumors, involved in unlimited proliferation, angiogenesis, and
migration, including urothelial cancer, esophageal squamous cell
carcinoma, and nasopharyngeal carcinoma (39–42). Although
some biological functions of these ten genes have not previously
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FIGURE 9 | “Real” hub genes were related to immune infiltration processes. (A–C) Correlation between immune cell abundance and hub gene expression. “Purity” represents
the purity of the tumor cells in the sample. (D–F) The correlation between hub genes and the immune checkpoint inhibitor targets PD-1, PD-L1, CTLA-4, and IDO1.
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been reported in SKCM, their roles in progression and tumor
immunity require further study. We indicate that the ten-gene
prognosis model can be used as an indicator of the SKCM
immunotherapy response.

By combining the PPI andWGCNA, three genes were verified
as “real” hub genes associated with the TME in SKCM. Based on
correlations between genes, we construct a WGCNA network,
and a PPI network was generated based on available literature.
The combination of theWGCNA and PPI methods appears to be
suitable for hub gene identification. Several studies have
indicated the abnormal expression of hub genes in various
malignant tumors, which may represent important prognostic
biomarkers. VAV1 is a member of the VAV gene family and is
vital for hematopoiesis, which plays an indispensable role in T
cell and B cell activation (43). Related studies have indicated that
IDO can inhibit the T cell response and promote immune
tolerance by downregulating VAV1 expression and inhibiting
the VAV1/Rac cascade reaction (44). ITGB2 encodes integrin
beta chain, a cell surface protein involved in cell adhesion and
cell surface-mediated signal transduction. ITGB2 plays a
significant role in the immune response, and ITGB2 deficiency
causes leukocyte adhesion defects (45, 46). A prospective study
revealed that high ITGB2 expression in cancer-associated
fibroblasts promoted tumor proliferation in oral squamous cell
carcinoma through NADH oxidation in the mitochondrial
oxidative phosphorylation system (47). Another study showed
that ITGB2 downregulated Treg cells levels and inhibited renal
carcinoma development (48).HLA-DRA is an HLA class II alpha
chain paralog that plays a vital role in the immune system and
responses by presenting peptides. HLA-DRA is highly expressed
in bladder cancer tissues than corresponding adjacent tissues and
indicates poor progression-free survival (49). In kidney renal
clear cell carcinoma, HLA-DRA serves as a reliable biomarker
and may play a vital role in cancer immunotherapy (50). A recent
clinical trial showed that HLA-DRA predicted the advanced
melanoma immune response to tremelimumab, which blocks
CTLA-4 (51).

However, this study has some limitations. First, there is no
detailed clinical data on the treatment of patients in TCGA and
GEO databases, although other clinical factors available from the
databases have been included. Second, analysis based on
transcriptomics can represent only certain aspects of the
immune microenvironment but not the overall process of
change. In addition, further experimental studies are needed to
elucidate the potential mechanism of the prognostic model and
hub genes in the occurrence and development of CM.
CONCLUSION

We successfully constructed a prediction model with good
accuracy. Differences in OS between high- and low-risk groups
were associated with immune cell infiltration and the complex
regulation of multiple signaling pathways. By combining the PPI
and WGCNA network analyses, “real” hub genes closely related
to the TME were identified. Our study provides additional
Frontiers in Oncology | www.frontiersin.org 13233
supplementary insights for analyzing the pathogenesis and
response to immunotherapy of CM.
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Cutaneous melanoma is an aggressive tumor responsible for 90% of mortality related to
skin cancer. In the recent years, the discovery of driving mutations in melanoma has led to
better treatment approaches. The last decade has seen a genomic revolution in the field of
cancer. Such genomic revolution has led to the production of an unprecedented mole of
data. High-throughput genomic technologies have facilitated the genomic, transcriptomic
and epigenomic profiling of several cancers, including melanoma. Nevertheless, there are
a number of newer genomic technologies that have not yet been employed in large
studies. In this article we describe the current classification of cutaneous melanoma, we
review the current knowledge of the main genetic alterations of cutaneous melanoma and
their related impact on targeted therapies, and we describe the most recent high-
throughput genomic technologies, highlighting their advantages and disadvantages. We
hope that the current review will also help scientists to identify the most suitable
technology to address melanoma-related relevant questions. The translation of this
knowledge and all actual advancements into the clinical practice will be helpful in
better defining the different molecular subsets of melanoma patients and provide new
tools to address relevant questions on disease management. Genomic technologies
might indeed allow to better predict the biological - and, subsequently, clinical - behavior
for each subset of melanoma patients as well as to even identify all molecular changes in
tumor cell populations during disease evolution toward a real achievement of a
personalized medicine.

Keywords: melanoma, genomics, next-generation sequencing, DNA, mutations
INTRODUCTION ON CUTANEOUS MELANOMA

Cutaneous melanoma represents an aggressive tumor with a continuous increase in incidence,
although mortality rates have begun to decline thanks to promising new targeted treatments (1).
The incidence of cutaneous melanoma is increasing in white populations worldwide, in particular if
people receive excessive sun exposure (2–4). In the United States the incidence is 20-30 cases per
100,000 inhabitants, while in Australia it is particularly high, with a rate of 50-60 cases per 100,000
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inhabitants. In Europe, instead, the incidence is <10-25 cases per
100,000 inhabitants (5), but it has been predicted to increase in
the next decades (6).

Factors that increase the risk for melanoma include: i) fair
skin, that easily burns in the sun; ii) the presence of numerous
common naevi, large congenital naevi or atypical (dysplastic)
naevi, commonly genetically determined (7, 8); iii) exposure to
UV irradiation, in particular high and intermittent sun exposure
(9); iv) genetic susceptibility, as inherited variants of
melanocortin-1 receptor (MC1R); v) a family history
of melanoma.

As for most tumors, also cutaneous melanoma is traditionally
classified into primary and metastatic; primary melanoma is
further divided into: i) melanoma in situ, when the atypical
melanocytes are limited to the epidermis; ii) invasive melanoma,
if it conquers the dermis. Invasive melanoma is historically
classified according to clinical and histopathological
characteristics into four major histological subtypes: i) superficial
spreading melanoma (SSM), which accounts for 41% of cases;
ii) nodular melanoma (NM), accounting for 16% of cases;
iii) lentigo maligna melanoma (LMM), accounting for 2.7% -
14% of cases; and iv) acral melanoma (AM), accounting for 1% -
5%, with acral lentiginous melanoma (ALM) that represents its
most common subtype (Figure 1). For the latter subtype, higher
rates are reported in Asian and African American population (10,
11). In details:

i. In situ/SSM appears as a pigmented macule with irregular
contours that may progressively evolve into a papule or
Frontiers in Oncology | www.frontiersin.org 2237
plaque, so far as invasion occurs; histologically, melanoma
in situ is defined as the presence of a pagetoid spread of
malignant melanocytes throughout the epidermis; instead,
invasive SSM presents as a proliferation of atypical
melanocytes in the superficial dermis.

ii. NM appears as an exophytic/nodular, brown-to-black, often
eroded tumor, characterized by a vertical growth phase. The
epidermal lateral component, when present, is observed
within three rete ridges, at the maximum.

iii. LMM represents the invasive progression of melanoma in situ/
lentigo maligna and is mainly located on the sun damaged
surfaces, as the face of elderly people (12). Histologically, lentigo
maligna is described as a lentiginous proliferation of atypical
spindle melanocytes along the base of the epidermis, without
invading the dermis; instead, LMM has at least single cell
infiltration into the papillary dermis. Actinic damage and
dermal elastosis are typically present in the surrounding skin.

iv. To conclude, AM is a slow-growing macule/plaque or nodule
localized on the extremities (subungual or palmoplantar/volar
skin) with poorly circumscribed pigmentation. The most
frequent histological subtype is ALM, followed by NM and
SSM. A proliferation of atypical spindle (often pigmented)
melanocytes at the base of the epidermis constitutes ALM.
Rarely AM manifests as a large amelanotic nodule that easily
can be misdiagnosed as a benign condition.

Rare histological subtypes of cutaneous melanoma are:
v) desmoplastic melanoma (DM) (1% - 4% of cases) (13); and
vi) amelanotic melanoma (14).
FIGURE 1 | Histological subtypes of melanoma: clinical-pathological correlations. Superficial spreading melanoma is a pigmented macule with irregular contours
(A) that, when invasion occurs, presents as a proliferation of atypical melanocytes in the papillary dermis (B). Nodular melanoma is a brown-to-black exophytic tumor
(C) characterized by a predominant vertical growth phase, with pigmented epithelioid or spindle atypical melanocytes that invade the reticular dermis (D). Lentigo
maligna melanoma presents as a large, pigmented macule with irregular contours on sun damaged skin (E) that is described histologically as a lentiginous
proliferation of atypical spindle melanocytes at the dermo-epidermal junction with invasion into the papillary dermis; actinic damage and dermal elastosis (*) are
typically present in the surrounding skin (F). Acral melanoma may be an amelanotic nodule localized on the extremities (G) characterized by a proliferation of atypical,
not pigmented, spindle melanocytes throughout the dermis (H). Courtesy of Dermatology Unit, Department of Clinical and Experimental Medicine, University of Pisa.
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Curiously, in the current staging system for cutaneous
melanoma (American Joint Committee on Cancer – AJCC, 8th
edition, 2017) histological subtypes are not mentioned as
prognostic factors (15). Instead, important markers of worse
prognosis include: i) vertical tumor thickness (Breslow’s depth);
ii) ulceration; iii) number of mitosis/mm2 (no longer used for
sub-classification); iv) deepness of invasion (Clark’s level);
v) tumor infiltrating lymphocytes (TILs); vi) lymphovascular
invasion; and vii) neurotropism. Also, older age, the male sex and
the localization to head and neck or trunk are associated to a
poorer outcome (16, 17). However, the identification of genetic
alterations in specific subtypes of cutaneous melanoma has made
histological classification regain prominence (18). Indeed, in the
latest WHO classification of skin tumors (4th edition, 2018),
melanoma is classified according to the association with sun-
exposure and genomic features. Melanomas that arise in sun-
exposed skin include: i) melanoma in skin with a low degree of
cumulative sun damage (low-CSD melanoma), mostly SSM;
ii) melanoma in chronically sun-exposed skin, mostly LMM
and desmoplastic melanoma. NM may belong to both
categories. Instead, Spitz melanoma, melanoma developed in
congenital or blue naevus, acral melanoma, melanoma arising in
blue naevus, mucosal melanoma (oral, genital or sinonasal),
uveal melanoma, nevoid and some nodular melanomas arise in
sun-sheltered sites (11).

Instead, metastatic melanoma is defined as a melanoma that
has spread to other sites of the body. Melanoma may metastasize
locally through the lymphatic system (as satellite, in-transit, or
regional nodal metastases) or systemically through the hematic
route to distant skin/subcutaneous tissue or lymph nodes, lung,
liver or brain (19).
CURRENT KNOWLEDGE OF GENETIC
ALTERATIONS IN CUTANEOUS
MELANOMA

The initiation and progression of cutaneous melanoma are finely
driven by specific genomic alterations (20, 21). Although
hundreds of genes can be found mutated in a single case of
cutaneous melanoma, only some mutations are true “drivers” of
the tumor, either as gain-of-function (GOF)/activating or loss-
of-function (LOF)/deleterious mutations. Melanoma may
display mutations in known oncogenes that then result
overactive in melanoma cells, granting uncontrolled tumor
growth. Mutations may also occur in tumor suppressor genes
that control cell growth; when mutated, those genes lose their
function. Their inactivation may thus result in the activation of
downstream growth pathways, allowing unchecked tumor
growth (22–24).

In the last decades, the driving alterations leading to
cutaneous melanoma have been largely catalogued, comprising
both activating and deleterious mutations, and including single
nucleotide variants (SNVs, somatic and germline mutations) and
copy number variations (CNVs). Somatic mutations are genetic
Frontiers in Oncology | www.frontiersin.org 3238
alterations occurring in single cells of somatic tissues. When
mutated, such cells undergo uncontrolled division and can be
causative of melanoma. Germline mutations are less common
and occur within melanoma-predisposing genes in the germ line,
thus they can be passed on from one generation to the next,
leading to the so-called hereditary or familial melanomas (25).

The current knowledge on genetic alterations is catalogued
and continuously updated in databases such as The Skin
Cutaneous Melanoma catalogue in The Cancer Genome Atlas
(TCGA), Pan-Cancer Atlas data set (available at: https://
cancergenome.nih.gov), the cBioPortal for Cancer Genomics
(available at: www.cbioportal.org), OncoKB, ClinVar, “1000
Genomes” project, and Cancer Hotspots (available at: www.
cancerhotspots.org) (26, 27), as described later in this review.

Activating mutations occur in oncogenes. The two most
frequent alterations, commonly mutually exclusive both in cell
lines and tumors, have been described in the kinase domain of B-
Raf Proto-Oncogene, Serine/Threonine Kinase (BRAF), encoded
by exons 11 and 15, and in exons 2, 3 and 4 of Neuroblastoma
RAS Viral Oncogene Homolog (NRAS) gene, with a frequency of
50-70% and 15-30%, respectively (20, 21, 27–31).

BRAF encodes for a serine/threonine protein kinase of the
Rapidly Accelerated Fibrosarcoma (RAF) family, which transfers
growth signals to the cells, playing a pivotal role in activating the
mitogen-activated protein kinase/extracellular signal-regulated
kinase (MAPK/ERK) signaling pathway and influencing cell
cycle, differentiation, and apoptosis. More than 90% of BRAF
gene mutations occur at codon 600 of exon 15, within the
activation segment of the kinase, by substitution of a single
nucleotide (GTG to GAG), which results in a single amino acid
substitution from valine (V) to glutamic acid (E) (BRAF-V600E).
The BRAFV600E mutation has been described to confer a 400-fold
increased activity to the protein (20, 31). Another prevalent
BRAFmutation at the same residue, accounting for 10-30% of all
BRAFV600-mutated melanomas, is V600K mutation (BRAF-
V600K) in which the valine residue (V) is replaced by a lysine
(K) through a two nucleotides substitution (GTG to AAG) (32).
A small proportion, about 1-5% of melanoma patients, harbor
mutations at codon K601 in exon 15 of the BRAF gene (BRAF-
K601E), the third most common type of BRAF mutation,
resulting in a single amino acid change from lysine (K) to
glutamic acid (E) (33–35). BRAF mutation and expression have
also been shown to affect the immunological phenotype of
melanoma. By functional interpretation analysis of 6296 genes
differentially expressed between BRAF-mutant samples with
high or low BRAF mRNA expression, Interleukin 2 (IL-2) and
Janus Kinase/Signal Transducers and Activators of Transcription
(JAK/STAT) signaling emerged among the deregulated
pathways, supporting the immunoregulatory role of BRAF in
melanoma (21).

NRAS oncogene is a member of the superfamily of p21
GTPases, which have intrinsic GTPase activity, playing as a
molecular switch for the transmission of regulatory cell signals.
These proteins participate in the activation of the MAPK/
Phosphoinositide-3-Kinase (MAPK/PI3K) pathway, during cell
proliferation, differentiation, and survival.
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Although NRAS mutations associated with malignant
transformation have been predominantly detected in codons
12, 13 (exon 2), and 61 (exon 3), the most common NRAS
gene mutation in cutaneous melanoma occurs at position 61,
where glutamine (Q) is substituted by arginine (R), lysine (K), or
leucine (L) (NRAS-Q61R/K/L). NRAS mutations lead to the
reduction of the intrinsic GTPase activity of NRAS and its
constitutive activation, with consequent growth factor-
independent melanocyte proliferation and ultimately
melanomagenesis (20, 30, 31, 36).

Additionally, high-frequency activating mutations have been
identified in Ras-related C3 Botulinum Toxin Substrate 1 (RAC1),
Mast/Stem Cell Growth Factor Receptor Kit (KIT), Telomerase
Reverse Transcriptase (TERT) promoter region (TERTprom),
Mitogen-Activated Protein Kinase Kinase 1 and 2 (MAP2K1
and MAP2K2), G Protein Subunit Alpha Q (GNAQ), G-Protein
Subunita11 (GNA11), Isocitrate Dehydrogenase 1 (IDH1), Erb-b2
Receptor Tyrosine Kinase 2/4 (ERBB2/4), Kirsten Rat Sarcoma
Viral Oncogene Homolog, GTPase (KRAS), and Splicing Factor 3b
Subunit 1 (SF3B1) genes (24, 27, 37–42).

A recurrent activating mutation in RAC1, a RAS-related
member of the Rho GTPases subfamily, has been identified in
9.2% of sun-exposed melanomas. This C>T transition (CCT to
TCT) results in a proline (P) to serine (S) amino acid substitution
and it has been described as consistent with a molecular
signature associated with UV radiation damage. The RAC1
P29S mutation is more frequent in melanomas BRAF and
NRAS wild-type and occurs early in tumorigenesis. Activated
mutant RAC1 shows enhanced binding activity towards RAC1
downstream effectors and its expression leads to increased
melanocyte proliferation, altered cell migration, and activated
MAPK signaling (38, 43, 44).

The tyrosine-protein kinase Kit acts as a cell surface receptor
regulating proliferation and survival, by activating the MAPK,
PI3K, and JAK/STAT pathways. KIT (C-KIT/CD117) gene
mutations show heterogeneous distribution through the gene
and they have been detected in hot-spots at exon 9 (c459/465/
471/483), 11 (c551/559/576), 13 (c642), and 17 (c816),
accounting for 5-15% of mutations of diagnosed melanomas.
In light of the relatively high mutation rate of KIT in cutaneous
melanoma and since BRAF, KIT, and NRASmutations appear to
be mutually exclusive, the screening of KITmutations, at least in
exons 9/11/13, is suggested in BRAF/NRAS double-wild-type
melanoma patients (31, 34, 45, 46).

The TERT gene encodes the catalytic subunit of telomerase,
responsible for the maintenance of chromosomal telomere
length, thus sustaining cell survival. Mutations in the
TERTprom lead to a 2-fold to 4-fold increase in the
transcription of TERT, along with enhanced telomerase
activity, and are often found in BRAFV600 and NRAS-mutant
melanomas, where the combined alterations cooperate in
boosting cancer progression and aggressiveness. The two most
recurrent, mutually exclusive, TERTprom mutations are cysteine
(C) to threonine (T) mutations located at position 228 (C228T)
and 250 (C250T) (34, 37, 47).
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Deleterious mutations in tumor suppressor genes most
frequently affect Neurofibromin 1 (NF1), Phosphatase and
Tensin Homolog (PTEN), Tumor Protein 53 (TP53), RAS P21
Protein Activator 2 (RASA2), Protein Phosphatase 6 Catalytic
Subunit (PPP6C), and genes encoding SWItch/Sucrose Non-
Fermentable (SWI/SNF) subunits, most commonly AT-Rich
Interaction Domain 2 (ARID2) (23, 27, 48).

NF1 is a tumor suppressor protein that plays a pivotal role in
the control of cell growth by negatively regulating Rat Sarcoma
(RAS) proteins. The GTPase-activating protein (GAP)-related
domain of NF1 is known to convert the active RAS-guanosine
triphosphate (RAS-GTP) to the inactive RAS-guanosine
diphosphate (RAS-GDP), thereby inhibiting downstream RAS
signaling (49). The NF1 gene is mutated in 10–15% of melanoma
cases. By large-scale targeted sequencing, whole-exome
sequencing (WES), and whole-genome sequencing (WGS),
NF1 has been established as one of the key drivers of
melanoma. Most NF1 mutations cause a loss-of-function of
this tumor suppressor gene, with about 80% of patients having
a nonsense mutation, an insertion, or a deletion that leads to a
truncated protein. NF1 loss−of−function induces the
hyperactivation of NRAS protein and thus, the activation of
MAPK and PI3K signaling pathways (50). These NF1 mutations
are more common in melanomas occurring on chronically sun-
exposed skin or in older patients, in melanomas with higher
mutation burden, wild-type for BRAF and NRAS, and in the
desmoplastic melanoma subtype (28, 49, 51).

PTEN is a well characterized tumor suppressor gene that
encodes for the PTEN protein, a key negative regulator of the
PI3K signaling pathway and an effector of apoptosis through
Protein Kinase B/AKT Serine/Threonine Kinase (PKB/AKT).
Somatic PTEN alterations have been identified in 14% of cases in
the TCGA melanoma cohort, comprising both mutations and
focal deletions. PTEN mutations frequently coexist with BRAF
mutations, but not with NRAS ones. Reportedly, PTEN loss in
melanoma is a frequent event, occurring in about 30% of primary
tumors, with an even higher frequency in melanoma cell lines
(47, 52). The loss of functional PTEN leads to reduced apoptosis
along with increased mitogen signaling and cell survival, thus
promoting tumor progression (53). Moreover, PTEN loss can
influence the immune microenvironment in terms of a poor T-
and B-cell tumor infiltration, sustaining immune evasion (54). T
cell-based immunotherapy approaches have shown promising
results in melanoma (55, 56). Yet, some patients do not respond
to these therapeutic approaches. The loss of PTEN has been
reported to be a molecular determinant that might explain
immune resistance due to its inhibition of the T cell trafficking
into tumors (57).

The TP53 gene is considered the “guardian of the genome”
due to its pleiotropic function in protecting cells from genotoxic
damages, acting as tumor suppressor and transcriptional
activator/repressor of several downstream genes controlling
cell-cycle progression, DNA repair, and also triggering
apoptosis (58, 59). TP53 mutations have been reported in
about 15% of TCGA cases, they are mostly ultraviolet (UV)
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radiation-induced, and lead to tumor initiation and progression.
In melanoma, p53 wild-type form may get inactivated by a
variety of mechanisms, including inactivation of p14 which in
turn causes overexpression of the Mouse Double Minute 2
(MDM2) proto-oncogene (48, 60). TP53 is mutated in
melanomas harboring any of the major subsets of BRAF,
NRAS, or NF1 mutations. Conversely, in triple-wild-type
tumors, there is a prevalent amplification of MDM2, a key
regulator of p53 protein that ubiquitinates p53, leading to its
degradation (50). Loss-of-function of mutated TP53 causes a
critical dysregulation of diverse apoptotic pathways, supervised
by p53, including Caspase3, Fas Cell Surface Death Receptor
(FAS), and cytotoxic T-cell (CTL)-mediated apoptosis.
Moreover, inactivity of mutant TP53 decreases the surface level
of the major histocompatibility complex (MHC)-peptide
complex, resulting in downregulated immune surveillance (61).
Figure 2 illustrates the main molecular pathways involved
in melanomagenesis.

Specific classes of cutaneous melanoma have been associated
to specific genetic alterations. In particular: i) low-CSD
melanoma (located on the trunk or extremities and belonging
to the superficial spreading or nodular histological subtypes)
carries BRAF mutations; ii) melanoma in chronically sun-
exposed skin (located in the head and neck region) carries
NRAS and/or other RAS mutations; iii) non sun-related
melanomas (located on acral sites or mucosae) carry C-KIT
mutations or amplifications (62).

Moreover, BRAF-mutated melanomas are more common in
younger patients (63) whereas NRAS mutations are encountered
in older patients and in the nodular histological subtype (64). On
the other hand, most AM do not display mutations in BRAF or
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NRAS but bear C-KIT alterations (SNVs or amplifications) in 3-
36% of cases (65) (Figure 3).

The genomic profiling of cutaneous melanoma represents a
great tool to improve the management of patients with such an
aggressive disease since it carries the potential to increase
prognostic accuracy and to promote the development and
optimize the use of molecular targeted therapies (66). The
identification of genomic alterations through genomic analysis
(such as DNA sequencing) is expected to promote the tuning of
novel, fast and easy-to-use tests for patients’ stratifications (67).

About 90% of melanomas are primary tumors without
metastatic dissemination. For such diseases the tumor-specific
10-year-survival is about 75-95%. Interestingly, the relationship
between survival and tumor driven mutational status has been
extensively investigated: BRAF-mutated melanoma has been
associated with a shorter survival in patients with both
metastatic (68, 69) and early-stage disease (70, 71); moreover,
for patients with metastatic BRAF-mutated melanoma receiving
BRAF inhibitors, a worse prognosis has been also associated with
alterations in the thrombophilic status, such as high D-dimer
levels at baseline (72, 73). NRAS mutations did not display any
effect on the survival if measured in the primary tumor (74, 75);
instead, if measured in the metastases, NRAS mutations were
associated with improved survival (76, 77). On the other hand, in
NRAS-mutated melanoma data on survival result conflicting:
some studies report no difference in patients’ survival (74, 75),
whereas in one study NRAS mutations were associated with
improved survival in metastatic disease (78, 79).

According to the TCGA Pan-Cancer Atlas data set, 65% of
melanomas that have BRAF, NRAS, NF1, or KIT as driver
mutation co-occur with mutations in at least one other
FIGURE 2 | Main molecular pathways involved in melanomagenesis. Activating mutations are commonly detected in oncogenes like KIT, NRAS, BRAF, GNAQ,
GNA11, whereas deleterious mutations most frequently affect tumor suppressor genes like NF1, PTEN and TP53.
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pathway, most frequently affecting PTEN, Cyclin-Dependent
Kinase Inhibitor 2A (CDKN2A), and TP53 (27, 50).

Regarding somatic CNVs assessment, deletions have been
identified most frequently in the tumor suppressors PTEN,
PPP6C, and CDKN2A genes, while amplifications occur
repeatedly in KIT, Epidermal Growth Factor Receptor (EGFR),
and Cyclin-Dependent Kinase 4 (CDK4) oncogenes. CNVs
influence particularly the CDK4 pathway, as also suggested by the
fact that CDKN2A deletion or CDK4 amplification result in CDK4
pathway activation. This pathway results altered in more than 40%
of metastatic melanoma patients, including the majority of those
with NRAS-mutant tumors (27). In a recent study, Melanocyte
Inducing Transcription Factor (MITF) and EGFR genes have shown
the highest frequency of genomic amplification, with a lower rate in
primary melanomas as compared to metastatic melanomas,
considering both tumor tissues and cell lines (80).

The diagnosis of primary melanoma is not always
straightforward, especially when histologic features of the
lesion overlap with those of various precursor lesions.
Moreover, occasionally, melanomas can either lose their
antigenicity to melanocytic markers or even show aberrant
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expression of non-melanocytic markers. The diagnostic
uncertainty can thus lead to significant therapeutic implications
(81). For this reason, the mutational testing could contribute to a
more accurate diagnosis (82, 83).

Large-scale sequencing projects cataloguing mutations in
cutaneous melanoma have been carried out mostly on
advanced melanomas, overlooking the time of occurrence of
genetic changes during tumor progression. Cutaneous
melanomas often arise from distinctive precursor lesions such
as melanocytic naevi, intermediate lesions, or melanoma in situ.
By next generation sequencing (NGS) and targeted sequencing
techniques, with a panel of cancer-relevant genes, Shain et al.
(84) have recently proposed an “evolution/progression model”
uncovering the sequence of pathogenic mutations occurring
from precursor to malignant melanocytic lesions, trying to
define a genetic signature for each stage of the neoplastic
progression. As melanoma progresses, the pattern of genetic
changes leads to genetically distinct subpopulations, that account
for tumor heterogeneity.

Early lesions show the BRAFV600E mutation as the only
apparent pathogenic mutation, implying that BRAFV600E may
FIGURE 3 | Melanoma classification according to the association with sun-exposure and genomic features. Low-CSD melanoma (mainly on the trunk) carries BRAF
mutations. Melanoma in chronically sun-exposed skin (in the head and neck region) carries NRAS mutations. Non-sun-related melanomas (on acral sites) carry C-KIT
mutations. In rare cases, other genes as TERT, CDKN2A, NF1, PTEN or TP53 are involved.
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occur early in naevi as a putative driving alteration. Lesions
classified as intermediate by histopathological characteristics and
melanomas in situ harbor a broader spectrum of oncogenic
alterations, including BRAFV600K or BRAFK601E, NRAS, GNAQ
or GNA11, and TERTprom mutations, showing genetic
differences between benign and malignant neoplasms. Copy-
number alterations are common in descendant neoplasms. Loss
of CDKN2A, as well as mutations in ARID2 gene, emerge
exclusively in invasive melanomas. Finally, PTEN and TP53
alterations increase exclusively in advanced melanomas,
implying that these mutations may occur later and contribute
significantly to tumor progression. It seems thus clear that the
tumor mutation burden increases from benign through
intermediate lesions to melanoma (84).

Among melanocytic diseases, Spitz tumors include Spitz
nevus, atypical Spitz tumor (AST) and Spitz melanoma (or
Malignant Spitz Tumor, MST), a challenging diagnostic group.
The genetic characterization of these lesions and the
identification of novel molecular markers are useful to improve
the differential diagnosis of such diseases, the prediction of their
biological behavior, and the achievement of efficient personalized
treatments. The mutations driving the growth of benign Spitz
naevi, considered initiating alterations, include Harvey Rat
Sarcoma Viral Oncogene Homolog (HRAS) mutations, most
frequently Q61K/R in exon 3, BRAFV600E, as well as larger
genomic rearrangements involving the Anaplastic Lymphoma
Receptor Tyrosine Kinase (ALK), Neurotrophic Receptor
Tyrosine Kinase 1 (NTRK1), Ret Proto-Oncogene (RET), ROS
Proto-Oncogene 1, Receptor Tyrosine Kinase (ROS1), Met
receptor tyrosine kinases (MET RTKs), and BRAF genes. The
pathogenesis of AST mostly derives from mutations leading to
CDKN2A and TP53 loss-of-function. Further genomic
alterations, most frequently occurring within PTEN and
ARID2A genes, as well as in the TERT promoter region, result
in disease progression towards high-grade malignant Spitz
melanoma (85, 86). A summary of the main genetic alterations
in melanoma is provided in Table 1.

In addition to genetic variations, increasing evidence supports
the involvement of epigenetic modifications, such as gene
silencing by non-coding RNAs, in melanoma pathogenesis.
Up- and down-regulation of microRNAs (miRNAs) can
modulate the expression of target genes governing key
signaling pathways responsible for melanoma progression (48,
87, 88).

Although there is still limited data on miRNA expression
profiles in melanoma, techniques such as quantitative in situ
hybridization (qISH) for fluorescent detection of candidate
miRNAs, qRT-PCR, SplintR-qPCR, and miRNA microarray,
have been employed to uncover differential miRNA expression
levels in melanomas, in comparison to normal melanocytes and
benign melanocytic lesions, as well as between primary and
metastatic melanomas (89–91).

The deregulated expression of miRNAs leads to dysregulation of
key signaling pathways controlling tumor cell proliferation, cell-to-
cell interactions, epithelial-to-mesenchymal transition (EMT) (89,
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92, 93), stemness potential (88, 92), as well as senescence (59) and
programmed cell death (87, 94), influencing the progression and
metastatic process of melanoma. Tumor-suppressor miRNAs,
including let-7a/b, miR-23b, -34a/b/c, -132, -137, -191, -192, -194,
-200c, -205, -211, -375, -455, -602, -454-3p, -509, and -582, are
under-expressed in tumor tissues and melanoma cell lines, while
oncogenic miRNAs (oncomiRs) result over-expressed and include
miR-10b, -17, -19, -21, -107, -126, -146a, -155, -193b, -214, -221/
222, -365, -373, -506–514 cluster, -520c, and -801 (59, 88, 89, 92,
95–97). In primary melanomas, the downregulated expression of
several miRNAs, such as miR-125b, -182, -200c, -203, -205, and
-211 has been shown, along with increased levels of miR-10b, -221/
222 (90, 91). In metastatic specimens, a miRNA expression profile
has been proposed consisting of miR-145, -150, -155, -342-3p, -455-
3p, and -497, considered predictors of post-recurrence survival (59).
The analysis of miRNA expression profile from melanoma lymph
node metastases has identified a unique signature consisting of the
downregulation of miR-191, combined with the upregulation of
miR-193a/b, -338, -365, and let-7, those being predictors of short-
term survival in melanoma patients (59).

Melanospheres express high levels of miR-10b, -21, -182-5p,
-191-5p, -373, -378d, -520c, -542-3p, -1301, -1915-3p, -3934,
-4767, which feasibly control their stemness and metastatic
potential (88, 92, 98).

Frequent dysregulation of miRNA expression has been
reported in association with the mutational status. Bandarchi
and colleagues (96) found that a low expression of miR-193a,
-338, and -565 was associated with BRAF missense mutations,
while a low expression of miR-663 was associated with NRAS
mutations. However, they did not observe any specific
differentially expressed miRNAs between BRAF- and NRAS-
mutated melanomas. Oncogenic BRAF/mitogen-activated
protein kinase kinases (MKK)/ERK signaling in melanoma
cells modulates a network of miRNAs, by means of
downregulation (let-7i, miR-22, -34a/b, -125a, -132, -211) or
upregulation (miR-17-5p, -20a, -92b, -106a/b, -221/222) of
miRNA expression (99).

High KIT gene expression in BRAFV600K-mutated melanomas
has been reported, concurrent with the significant
downregulation of KIT-targeting miRNAs, including miR-222.
This suggests that KIT and miR-222 might cooperate, by growth
and pro-survival signals, toward clinical aggressiveness (32).

MITF expression seems to be regulated by miR-26a, -101,
-137, -148, -182, -211, -218, -340, and -542-3p. On the other
hand, MITF transcription factor/oncoprotein modulates miR-
146a, -221/222 cluster, and -363 expression levels (59, 100).
FAMILIAL CUTANEOUS MELANOMA

The susceptibility to melanoma is commonly observed in
people carrying common variants in lower risk susceptibility
genes; however, 5-10% of cases develop in melanoma-prone
families, with at least two cases in the same family (101),
probably carrying mutations in high penetrance susceptibility
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genes (102, 103). From an epidemiological perspective, familial
melanoma differs from sporadic melanoma for:

i. an earlier age at diagnosis (104–107)
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ii. a greater proportion of sunburns. We could hypothesize that
familial cases may have an intrinsic cutaneous reactivity,
deriving from some genetic characteristics, such as MC1R or
DNA repair capacity (108, 109). However, the high number
TABLE 1 | Summary of the main molecular alterations in cutaneous melanoma described in this review.

Main Alterations Locus Mutation Frequency
(%)

Pathway Function

SOMATIC ACTIVATING MUTATIONS
BRAF 7q34 V600E;

V600K; K601E
50-70 MAPK signaling Cell proliferation and survival

NRAS 1p13.2 Q61R/K/L 15-30 MAPK/PI3K signaling Cell proliferation, differentiation and
survival

RAC1 7p22.1 P29S ˜9 MAPK signaling Cell proliferation and migration
KIT 4q12 L576P; K642E 5-15 MAPK/PI3K and JAK/STAT signaling Cell proliferation and survival
TERTprom 5p15.33 C228T;

C250T
14 Telomerase activity Cell survival

MAP2K1/MAP2K2 15q22.31/
19p13.3

E203K/E207K ˜8 MAPK signaling Cell proliferation

GNAQ/11 9q21.2/
9P13.3

Q209L rare MAPK signaling Cell proliferation

IDH1 2q33.3 R132C/S ˜5 Metabolism of isocitrate Cell proliferation and impaired
differentiation

ERBB2/4 17q21/2q34 L755C;
L755S;
V777L;
P780S;
L785F;
S341L,
R393W

1/19 Tyrosine kinases signaling Cell proliferation and survival

KRAS 12p12.1 G12V; G12D ˜2 GTPase activity Cell proliferation and survival
SF3B1 2q33.1 R625C;

R625H
33 Alternative splicing Tumorigenesis

SOMATIC LOSS-OF-FUNCTION
MUTATIONS
NF1 17q11.2 C1318T;

C3049T;
G3497A;
C3826T;
A4256G;
A4267G;
C5242T;
C5260T;
C5380T;
T5795C;
C5839T
(chromosomal
aberrations,
deletions,
insertions,
duplications)

10-15 MAPK/PI3K signaling Cell proliferation, differentiation and
survival

PTEN 10q23 A499G;
C112T;
T416G;
G380A;
T1032G
(deletions,
insertions)

14 PI3K signaling Apoptosis, cell survival and immune
evasion

TP53 17p13.1 Several
UV-induced

15 Caspase3, FAS and CTL mediated
apoptotic pathways

Cell-cycle progression, DNA repair
and apoptosis

RASA2 3q23 R310*; S400F ˜5 RAS signaling Cell proliferation and migration
GERMLINE LOSS-OF-FUNCTION
MUTATIONS
CDKN2A 9p21 G101W; E69G 20-40 RB pathway Apoptosis and cell survival
CDK4 12q14.1 R24H; R24C NA G1/S phase cell cycle checkpoint Cell-cycle progression
Ma
*mutation introducing a codon stop that gives rise to a truncated protein.
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of sunburns in familial cases demonstrates the absence of
carefulness towards the primary prevention

iii. a higher number of naevi, ‘great naevi’ in particular or
atypical naevi, especially if on the trunk or the lower limb
(110–113). We may hypothesize that the higher number of
great or atypical melanocytic naevi depends on sunburns or
that it is an independent factor due to genetic pressure, i.e.
CDKN2A mutation or polymorphisms on chromosome 9
and 22 (114)

iv. a more frequent association of melanoma on naevus.
Melanomas arise from pre-existent naevi in about 20–30%
cases (115). This finding may be the consequence of the
presence of a higher number of melanocytic naevi and
sunburns in the familial melanoma group, as previously
hypothesized

v. a greater proportion of multiple primary melanomas
(MPMs), in a synchronous or metachronous manner (116)

On the other hand, familial melanoma does not differ from
sporadic melanoma with regard to the main histopathological
prognostic factors such as Clark’s level and Breslow’s thickness
(110). Moreover, in the familial melanomas the diagnostic
anticipation is believed to be genetic in nature and not to be
due to a better or frequent skin self/medical examination
(attributable to increased awareness of the risk). Indeed,
CDKN2A mutation may represent a biological pressure
responsible for the earlier onset of the disease. In particular,
germline mutations convey pro-tumorigenic features and often
affect the high-risk susceptibility genes CDKN2A and, less
commonly, CDK4, associated with familial melanoma, where
the phenotype of CDKN2A or CDK4-mutated families is
indistinguishable (27, 80, 117).

The CDKN2A gene is the major high-penetrance familial
melanoma predisposition gene, with germline mutations
identified in 20%-40% of melanoma families (118). Similarly,
CDKN2A mutations have been reported associated to MPMs in
Italian patients, being more frequent in MPM cases with a
positive family history (119).

The tumor suppressor CDKN2A is located at the 9p21 locus
and encodes 2 different proteins, p16INK4A (p16) and p14ARF
(p14), which promote the cell cycle arrest in G1 phase by
inhibiting RB protein phosphorylation through CDK4 and act
through the p53 pathway inducing cell cycle arrest or favoring
apoptosis, respectively (118, 120, 121). Mutations in CDKN2A
produce an imbalance between functional p16 and Cyclin D1,
causing abnormal cell growth. Several recurrent mutations in
CDKN2A have been described as founder mutations. As an
example, glycine (G) to tryptophan (W) mutation at codon
101 (G101W) is considered highly oncogenic since it leads to
an impaired interaction with Cyclin Dependent Kinase 4/6
(CDK4/CDK6). Also, the glutamic acid (E) to glycine (G)
mutation at codon 69 (E69G) has been reported to be
deleterious (27). Variants in CDKN2A and other intronic
mutations have also been described to predispose to
melanoma (122).

The CDK4 oncogene is the second identified high-penetrance
familial melanoma predisposition gene, playing a pivotal role in
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the G1/S phase cell cycle checkpoint. CDK4 pathogenetic
mutations often arise in codon 24 of exon 2, a critical site for
the tumor suppressor protein p16 binding. When CDK4 is
mutated, p16 cannot inhibit the CDK4 kinase activity,
resulting in increased phosphorylation of the Retinoblastoma
Protein (RB) bound to members of the E2F family of
transcription factors, with consequent increased E2F release.
E2F activates the transcription of pro-S phase cell cycle genes,
promoting G1/S phase transition (118).

In families without mutations in CDKN2A and CDK4 genes,
the use of NGS methodologies has allowed the identification of
rare germline mutations in a few novel melanoma susceptibility
genes, namely BRCA1 Associated Protein 1 (BAP1), TERT,
Protection of Telomeres 1 (POT1), ACD Shelterin Complex
Subunit and Telomerase Recruitment Factor (ACD), TERF2
Interacting Protein (TERF2IP) (high risk genes) and MC1R,
MITF (low to moderate risk genes).

By investigating a melanoma-prone family by linkage analysis
and high-throughput sequencing, disease-segregating germline
mutations have been identified in the TERT gene, causing up to
2-fold increase in its transcription (123). Telomere maintenance
has been uncovered as a crucial pathway in melanoma
predisposition. POT1, ACD, and TERF2IP are members of the
Shelterin protein complex, crucial for the safeguard of telomeres,
and have been also described to be mutated in familial melanoma
patients (118, 121).

A summary of the main somatic and germline alterations in
melanoma is provided in Table 1.
GENOMIC TECHNOLOGIES

Over the past decades there have been major advances in our
understanding of the human genome, mostly due to the rapid
development of genomic technologies that allow the
interrogation of hundred-thousand loci and/or provide single
base pair resolution. The common denominator of these
technologies is the capacity to produce a large amount of data
in a number of samples assessed, hence the definition of “high-
throughput” technologies. In the biomedical context, the
application of high-throughput genomic technologies can be
used to identify biological markers (biomarkers) to understand
disease course and/or predict treatment response or patient
survival (124). Biomarkers can be broadly classified into three
categories: diagnostic (for the assessment of presence/absence of
disease); predictive (how a patient responds to a treatment) and
prognostic (how long a patient survives after intervention) (124).
Biomarkers can be assessed at different levels, namely: genome,
epigenome and transcriptome. At the DNA (genome) level, high-
throughput technologies can be applied to detect Single
Nucleotide Variants (SNVs), indels, Structural Variants (SVs),
CNVs and fusion genes (125). DNA-sequencing techniques
include whole-genome sequencing (WGS, to detect alterations
in coding and non-coding regions of the genome), whole-exome
sequencing (WES, limited to coding regions) and targeted
sequencing (focusing on specific regions of the genome when
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prior information is available). At the epigenomic level, high-
throughput technologies are applied to detect chemical
modifications of the DNA which regulate gene expression;
both microarray and sequencing technologies can be used to
detect and quantify DNA methylation status; chromatin
immunoprecipitation sequencing (ChIP-Seq) can be
implemented to characterize transcription factor binding sites
and patterns of histone modifications (126, 127). At the
transcriptome level, high-throughput technologies are applied
to study RNA species with mRNA being the most commonly
studied form of RNA (128–130).

It is now becoming clear that no two cancers are exactly the
same. This concept is leading to the development of individual-
specific therapeutic approaches, based on the identification and
quantification of specific genomic features (131).

Until now, most of the medical treatments have been the
result of the “one-size-fits-all” approach. However, while some
treatments can result very effective in some patients, some other
patients might not benefit to the same extent or might even have
adverse effects from a given therapy. Personalized medicine aims
at understanding individual differences in people’s genetic and
environmental backgrounds and at giving medical professionals
the tools they need to develop tailored and most efficient
therapeutic strategies.

It has now been accepted that the integration of the
personalized medicine approach into the oncology field may
lead to improvement in cancer treatments, especially considering
the interindividual variability (131).
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With the completion of the Human Genome Project in 2003,
scientists have started acquiring the tools to read and interpret
individual genetic codes. Since then, technologies have
significantly improved. We describe below examples of high-
throughput genomic technologies that can be applied to the
oncology field. A summary of those technologies is provided in
Table 2.
NEXT-GENERATION SEQUENCING
TECHNOLOGIES

The last decade has witnessed a rapid increase in the number of
next-generation sequencing (NGS) technologies implemented,
with entire genome sequencing producing gigabases of reads on a
daily basis (124, 132–134). The application of NGS technologies
is currently providing a more comprehensive understanding of
the mutational landscape of cancer and as a consequence, a
better understanding of its pathogenesis (20, 21, 135–137).

NGS technologies generally require the conversion of the
nucleic acid materials derived from biological specimens into a
form that is suitable for sequencing, this step is called “library
preparation” and represents perhaps the most challenging step
with biological and bioinformatic implications (124, 138). Library
preparation is generally characterized by an amplification step by
polymerase chain reaction (PCR) (138, 139). This step is
particularly prone to bias introduction (138). Although several
PCR-free methods are currently available, they are not free of
TABLE 2 | Summary of the advantages and disadvantages of the genomic technologies described in this review.

Technology Examples Description Advantages Disadvantages

Short-read
sequencing

Illumina Cyclic reversible termination Cost-effective, overall higher sequence fidelity, supported by
several analysis tools

Not able to resolve structural variants,
phase alleles and provide coverage for
respective regions; GC bias

SOLiD – Life
Technologies

Sequencing by ligation

Ion Torrent Ion semiconductor
sequencing

Roche/454 Pyrosequencing First commercial NGS platform; read length up to 1 kb Inaccuracy in homopolymer sequencing,
high error rate, low yield, high cost per bp.
Operation has shut down in 2013

Long-read
sequencing

Pacific
Biosciences

Single Molecule, Real-Time
Sequencing

Generate reads in excess of 10 kb; perform de novo assembly;
mapping certainty; transcript isoform identification; detection of
structural variants; direct detection of epigenetic modifications

Lower accuracy per read; bioinformatic
challenges including limited pipelines
available, coverage biases, overall high
error rates

Oxford
Nanopore

Nanopore Sequencing

Single-cell
platforms

Fluidigm C1 Microfluidics-based Allow the analysis of individual cells; can identify clonal cell
subpopulations

Nucleic acid amplification necessary
Chromium
10X
Genomics

Droplet-based

BD
Rhapsody

Microwell-based

Spatial
genomics

Visium 10X
Genomics

Positionally capturing
mRNAs from thin tissue
sections onto an
oligonucleotide array

Resolve genomic information of individual cells within the spatial
context of their native tissue

Relatively new

Nanostring
GeoMx DSP

Standard
immunofluorescence
combined to optical
barcoding quantification

Optical
Mapping

Bionano
Genomics

High-resolution imaging of
long DNA molecules

Resolve complex regions of the genome up to hundreds kbp in
length; allow genome finishing

No single bp resolution; specific protocols
required for the extraction of DNA of high
molecular weight
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flaws (138, 139). Library preparation methods are of paramount
importance when only a small amount of starting material is
available and clinical samples cannot be collected again. During
the library preparation step, adaptors are ligated to fragmented
DNA and then amplified before sequencing. Amplified templates
can be generated in solution or on a solid support by covalently
attached oligo. On the solid support of the Illumina platform for
instance, fragmented adapter-ligated DNA molecules are bound
to these primers and amplified through a series of amplifications
to generate identical sequences that provide template for the
sequencing reaction. Upon library preparation, the sequencing
step is performed.

There are different approaches for high-throughput
sequencing, according to the genomic platform employed, each
of which uses bespoke protocols. Below, we list the most
common high-throughput genomic sequencing technologies
and provide some examples of their application in the context
of melanoma.

The first NGS platform was launched in 2005, and several
other methodologies have followed, as reviewed in detail in other
reports (132–134, 140). Their major feature is the ability to
generate thousands/millions sequence reads at the same time
(133, 141).

Illumina is perhaps the most commonly used genomic
technology in the research and healthcare settings; the
technology employs the so-called flow cell, a solid surface on
which adapters are covalently attached; the flow cells adapters are
complementary to the library adapters. Illumina uses the
principle of cyclic reversible termination where nucleotides
chemically modified are used as terminators of the sequencing
reaction. In the Illumina sequencing workflow, all four
nucleotides are added to each cycle and each of the four
nucleotides carries an identifying fluorescent label. Once the
right nucleotide gets incorporated, the unincorporated
nucleotides are washed away, and the flow cell gets imaged; the
fluorescent groups are then chemically cleaved and the 3’-OH
groups deblocked to allow the next cycle to occur.

In early 2017, Illumina released the NovaSeq series which
exceeded existing sequencing performance metrics and allows
multiple applications in the same run (142) (“NovaSeq 6000
System - Illumina: https://www.illumina.com/systems/
sequencing-platforms/novaseq.html”) (142).

Studies employing WES and WGS on the Illumina platform
have recently improved the characterization of somatic
mutations in melanoma and demonstrated that melanoma
displays one of the highest rates of somatic mutations as
compared to other types of cancers, which makes it
challenging to distinguish driver from passenger mutations (24,
143–145). The highest mutation frequency in cutaneous
melanoma is explained by the exposure to ultraviolet (UV)
radiation, a well-documented carcinogen (143). It was also
reported that cutaneous melanoma is particularly prone to
cytidine to thymidine transition (C>T). Such alteration is
specific of a UV-light induced mutational signature (146).

Another mode of sequencing is represented by the one
applied by Life Technologies with the SOLiD (Sequencing by
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Oligonucleotide Ligation and Detection) NGS system. The
chemistry employs a sequencing by ligation method and a
template preparation based on the creation of clonal bead
populations. DNA fragments are amplified clonally on beads,
placed on the solid-phase of a flow cell. In the sequencing by
ligation approach, a mix of differently labeled nucleotide probes
are flushed into the flow cell. When the correct probe is
incorporated, it gets ligated into the primer on the solid-phase;
the unincorporated nucleotides are washed away and the
fluorescence gets recorded. The fluorescent dye is then
removed and the next sequencing cycle commences (147).

A completely different approach to NGS relies on the
detection of hydrogen ions released after nucleotide
incorporation. This approach was employed by Ion Torrent in
2010, later purchased by Life Technologies and subsequently by
Thermo Fisher Scientific. The chips employed in this technology
are designed to detect pH changes that occur as the sequencing
reaction progresses (148). In a recent study, Manca and
colleagues have employed the Ion Torrent PGM (Personal
Genome Machine) System to evaluate the mutational
concordance between primary and metastatic melanoma (83).
The authors showed a high level of concordance in the
mutational patterns registered in the primary and metastatic
samples, especially with regards to the pathogenic mutations in
driver genes (83).

In pyrosequencing such as the sequencing employed by
Roche/454, a labeled nucleotide is detected when an inorganic
pyrophosphate from the incorporated nucleotide releases a signal
following enzymatic transformation (140). Library preparation is
performed by random fragmentation of genomic DNA and an
emulsion-based PCR. The PCR is employed to clonally amplify
template DNA in single droplet-encapsulated reaction beads that
contain oligonucleotide probes with complementary sequence to
the adaptor binding the DNA fragments. The emulsion PCR
beads are attached on a solid surface. The addition of nucleotides
complementary to the template strand leads to the production of
a chemiluminescent signal recorded by the instrument CCD
camera. A specialized software then analyzes the position of the
beads and the light flashes with each type of nucleotides that are
incorporated into the synthesized DNA (149). The Roche/454
sequencing was the first NGS technology to sequence a complete
human genome. The technology has been employed in the
diagnostic setting for BRAF mutational assessment (150–153).
However, the inaccuracy of the technology in homopolymer
sequencing, the high error rate, low yield and high cost per bp
have largely limited its application. In fact, Roche has shut down
the 454-sequencing operation in 2013 as the technology
became noncompetitive.

The technologies described above are employed to sequence
short reads. Short-read sequencing technologies are cost-
effective, accurate and supported by many analysis tools (154).
Nevertheless, short reads make it more difficult to reconstruct the
original genomic map. Short-read sequencing technologies have
additional inherent limitations, including GC bias, difficulties in
mapping repetitive elements of the genome, difficulties in
discriminating paralogues sequences and in allele-phasing (155).
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Newer technologies include Pacific Biosciences (PacBio) and
Oxford Nanopore Technologies (ONT), both platforms being
employed for the so called “long-read sequencing”. While short-
read sequencing technologies produce reads of up to 600 bases,
long-read sequencing technologies produce reads in excess of 10
kb (154, 156). Those long-read sequencing technologies have
considerable advantages, including longer read lengths, the direct
detection of epigenetic modifications, the capability to resolve
repetitive elements, to allow the characterization of full-length
transcriptomes and to allow variant phasing (155, 157, 158).
Long-reads also carry more information about structural
variation as compared to short-reads. Long-read sequencing is
already considered the gold standard for some applications, as
for instance the HLA (Human Leukocyte Antigen) typing for
tissue transplants. The long-read sequencing technologies are
expected to open up new avenues for melanoma characterization
and development of targeted therapeutic strategies.

The technology employed by PacBio interrogates a single
molecule of DNA in real time. The technology is characterized by
the absence of PCR amplification and by the real-time
acquisition of the signal. PacBio launched the Sequel II system
in 2019 which by employing the High Fidelity (Hi-Fi) sequencing
mode allows for high fidelity reads and a superior call rate when
compared to other technologies, as demonstrated by the recent
Precision FDA Truth Challenge V2 that evaluated different
technologies for variant calling in human genomes and
demonstrated a higher performance of the PacBio HiFi
technology as compared to Illumina and ONT (159)
(“PrecisionFDA Truth Challenge V2: Calling Variants from
Short and Long Reads in Difficult-to-Map Regions: https://
precision.fda.gov/challenges/10/view/results”) (159). The Single
Molecule Real-Time (SMRT) Sequencing employed by PacBio
can also be used to detect methylation changes in the genome.
The technology relies on the kinetics of polymerase
incorporation of individual nucleotides, allowing the direct
detection of these modified cytosines (160, 161). The PacBio
system was the first to be launched as “third-generation
sequencing”. Sequencing occurs into the so-called “zero mode
waveguides” (ZMW), that are single pockets where DNA and
polymerase bind to and where the signal is detected by the
incorporation of phosphate-labeled nucleotides to the well (162).
In the latest Sequel II system, the SMRT cells used for sequencing
contain 8M ZMW which represents an improvement of the data
output as compared to the previous SMRT cells that contain
1M ZMW.

In ONT sequencing single-stranded DNA molecules are
driven into nanopores; when each nucleotide of the DNA
strands partially obstructs the nanopore, an alteration of the
electrical property is recorded and analyzed (163, 164). Since the
technology uses unmodified DNA, the major advantage consists
into yielding results very quickly from minimal starting
quantities. The first prototype of the platform consisted in the
MinION that was launched in the market in 2014 (147).

Despite the technical advantages of long-read sequencing
technologies, their application in the field of cancer has been
very limited. Cavalier and colleagues (165) employed SMRT
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sequencing for the detection of tyrosine kinase inhibitors (TKI)
resistance mutations down to a level of 1% in chronic myeloid
leukemia (CML) patients. Additionally, they were able to phase
co-existing mutations, providing new information about the
clonal distribution of resistance mutations in BCR-ABL1.
Other two studies have applied long-read sequencing for the
detection of multiple TP53 mutations distributed in different
al le les in acute myeloblast ic leukemia (AML) and
myelodysplastic syndrome (MDS) and for phasing of somatic
mosaicism mutations in GJB2 in a patient with keratitis-
ichthyosis-deafness syndrome, respectively (166, 167). Despite
the examples above and to the best of our knowledge, the long-
read sequencing technologies have not yet been applied to the
field of cutaneous melanoma. They could offer many advantages
especially with regards to the study of SV, insertions, deletions,
duplications, inversions or translocations. SV unfortunately have
been neglected from a proper characterization in cutaneous
melanoma despite being an important source of diversity
between genomes and despite being proved to be relevant in
human health (154, 168, 169).

Other advantages of long read-sequencing technologies rely
in the possibility to sequence full length transcripts and identify
novel splicing isoforms (155, 170) as well as detect base
modifications (156). As an example, in SMRT sequencing, base
modifications are inferred from the delay between fluorescent
pulses, referred to as interpulse duration (IPD) (171). SMRT
sequencing allows the detection of 6mA, 4mC, 5mC, and 5hmC
DNA modifications, although at different sensitivity (171). In
nanopore sequencing, modified RNA or DNA bases affect the
flow of the current through the pore differently than non-
modified bases, resulting in signal shifts (172).

While the implementation of long-read sequencing
technologies on large scale projects is limited by the cost and
community expertise, we expect this to change rapidly. We
believe that the application of these newer technologies will
make it possible to resolve complex regions of the genome and
to characterize the epigenome landscape and the full-length
transcriptome of cutaneous melanoma. Additionally, the
integration of the data produced by short- and long-reads
technologies will produce more complete and contiguous
genomes, which will open exciting avenues in genomics as well
as facilitate the further understanding of the molecular
mechanisms underlying melanoma onset and progression.
NGS technologies will also provide a useful tool for the
development of therapeutic strategies tailored to the genetic
makeup of individual cutaneous melanomas.

Another important technology worth to note is represented
by single-cell sequencing, which is a powerful approach to
explore the organization and function of the tumor
microenvironment. Cutaneous melanoma is characterized by
tumor heterogeneity, which represents a relevant obstacle for
its treatment. The bulk sequencing techniques cannot identify
rare clonal subpopulations that might be responsible of tumor
aggressiveness or resistance to therapy. The application of single-
cell sequencing technologies allows the analysis of DNA
sequences, epigenetic markers and gene expression patterns in
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individual cells (173). Single-cell sequencing technology
encompasses the following steps: i. isolation of single cells;
ii. isolation and amplification of genetic material; iii.
sequencing of the genetic material and data analysis (174). The
capture of individual cells can be pursued through
micromanipulation, fluorescence-activated cell sorting (FACS),
magnetic-activated cell sorting (MACS) and microfluidics (173,
175). Such approaches require cells or nuclei to be in suspension,
thus they cannot always maintain the spatial context in tissues.
Laser capture microdissection (LCM) bypasses this limitation
and can also be used to isolate rare cells. When comparing single-
cell DNA sequencing to single-cell RNA sequencing, the first
method has been proven more challenging than the latter one
(173). DNA amplification is necessary when performing single-
cell DNA sequencing. DNA amplification methods mainly
include the degenerative oligonucleotide PCR (DOP-PCR),
which provides uniform amplification but a low coverage and
the multiple displacement amplification (MDA), that uses
polymerase strand displacement activity and can lead to a high
genome coverage but with a non-uniform amplification. Several
alternative methods have been refined to decrease allelic drop-
out and false positive rate (176). Those methods include: Nuc-
seq, which sorts nuclei in G2/M phase; the multiple annealing
and looping-based amplification cycle (MALBAC), which uses
quasi-linear preamplification coupled with strand displacement
active polymerase; and the micro-well displacement
amplification system (MIDAS), that employs small reaction
volumes and eliminates non-uniform amplification (177). Once
amplified, DNA is provided as substrate for library construction
for NGS. So far, Illumina seems to be the most employed
platform due to low cost per base at high throughput.

To sequence the transcriptome of a single-cell, RNA
undergoes to a whole transcriptome amplification (WTA) step.
Initial WTA methods engaged the T7 RNA polymerase for
amplifying cDNA linearly though in vitro transcription (IVT)
(178). Further methods included oligo d(T) primers attached to
adaptor sequences for the reverse transcription step and
amplification of polyadenylated mRNA by PCR (179).
However, these methods are not free of flaws as they display 3’
mRNA bias. To overcome such bias, the SMART-Seq method
has been introduced, which amplifies only full-length mRNA
transcripts using a reverse transcriptase from the Moloney
Murine Leukemia Virus (MMLV), with template-switching
and terminal transferase activity (173, 180). The SMART-Seq2
method was further developed and led to an improved detection,
coverage and accuracy as compared to SMART-Seq method
(181). Additional protocols are also available for transcriptome
analysis and include single-cell tagged reverse transcription
(STRT), cell expression by linear amplification and sequencing
(CEL-seq), CEL-seq2, QuartzSeq, droplet-based RNA-seq, and
massively parallel RNA single-cell sequencing (MARS-seq) (173,
182–185). Currently, there exist many commercial platforms for
modern-approaches of single-cell sequencing. The Fluidigm C1
is a microfluidics-based system that captures individual cells
through integrated fluidic circuits (186). However, the
employment of such platform has been limited due to the low
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throughput and the cell size bias because of its determined size
range of the capture site for a given chip (187). The Chromium
system from 10X Genomics is a droplet-based platform
displaying high sensitivity, high accuracy, low technical noise
and high cost (173). Drop-Seq, which is also a droplet-based
platform, represents a more cost-efficient solution as compared
to the Chromium system. The BD Rhapsody system for single-
cell analysis is a microwell-based platform that is used for
targeted RNA sequencing, thus more useful when aiming at
detecting rare information (188). Additional platforms for
single-cell analysis have been described elsewhere (188).

Single-cell sequencing has been employed in melanoma. An
interesting study has recently investigated the role of
heterogenous spheroids in the stromal niche of cutaneous
melanoma by single-cell RNA sequencing (189). The authors
identified molecules that could play a role in the control of the
interaction between melanoma cells and cancer-associated
fibroblasts. Another important study applied single-cell RNA
sequencing to assess the transcriptomes of single cells cultured
from patients’ biopsies with different BRAF and NRAS
mutational profiles. The authors were able to identify sub-
populations of cells defined by transcriptional modules
involved in proliferation, oxidative phosphorylation,
pigmentation and cellular stroma (190). We expect that with
the advancement of the genomic technologies, more groups will
employ single-cell sequencing to shed light on the molecular
mechanisms underlying cutaneous melanoma pathogenesis and
responsiveness to therapy.
SPATIAL GENOMICS

The combination of state-of-the-art genomic technologies to
high-resolution microscopy has led to the establishment of the
so-called spatial genomics, an innovative technology that aims at
resolving genomic information of individual cells within the
spatial context of their native tissue. The general methodology
overlays genomic data on a tissue section to provide spatial
context (191). The two major players in the spatial genomic field
are represented by the Visium technology from 10X Genomics
(192), and the Nanostring GeoMx Digital Spatial Profiler (DSP)
(193). The 10X Genomics Visium technology captures mRNA
molecules from thin tissue sections initially imaged histologically
onto an oligonucleotide array. cDNA is then synthesized from
the captured mRNA and used for library preparation. Libraries
are finally sequenced, and the data processed to identify
transcripts and measure their expression. The Nanostring
GeoMx DSP platform provides morphological context with
high-plex protein or gene expression profiling. Individual slides
are first fluorescently stained to allow the GeoMx platform to
capture images with morphological context. The technology
relies on the use of photocleavable oligonucleotide tags that are
attached to antibodies through a light-sensitive linker. The high-
plex oligos then get separated from the antibodies or RNA in the
region of interest through UV light. Finally, the photocleaved
oligos are retrieved from the surface of the tissue and processed
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for quantitative analysis. The Nanostring GeoMx platform has
been applied to carry high-plex characterization of B- and T-cells
in melanoma tumors (194). The study revealed that tertiary
lymphoid structures play a crucial role in melanoma immune
microenvironment through conferring different T-cell
phenotypes, thus suggesting that the formation of tertiary
lymphoid structures should be investigated to foster responses
to cancer immunotherapy (194).

The application of spatial transcriptomics for the study of
cutaneous melanoma has also revealed a complex transcriptional
landscape of lymph node metastases in a spatial context (195).

The 10X Genomics Visium technology has been applied to
skin squamous cells carcinoma (196). The authors identified
multiple cells responsible for immunosuppressive functions in
dendritic cells, exhausted T cells and Tregs, refining local tumor
structures. Spatial genomics offers a great potential to uncover
the mechanisms that govern cell interaction in the tumor
microenvironment (197) and we expect this field to expand
significantly along with advancement of genomic technologies.
OPTICAL MAPPING TECHNOLOGY

Genomic SVs have been well established to be associated with
cancer. Genomic SVs arise from the genome instability created
during cancer onset and progression (198). Nevertheless, SV
analysis of cancer genomes has been severely limited to date by
technical shortcomings. Traditionally, SVs have been detected by
microarray (limited to imbalanced copy number variation
(CNV) with a short dynamic range, low resolution, and
relative readouts), next-generation sequencing (NGS)
(primarily CNV, some balanced events but too short to span
most repeats) and karyotyping and fluorescence in situ
hybridization (FISH) (both are very low resolution). The
optical mapping technology from Bionano Genomics is able to
interrogate genome structural differences of hundreds of kilobase
pairs and span interspersed and even long tandem repeats
making it ideally suitable for elucidating the structure and
copy number of complex regions of the genome, such as
complex pseudogene and paralogous gene families. The
platform does not produce single base pair resolution as it uses
an optical mapping technique. Long molecules of DNA are first
isolated using Bionano specific extraction methods (DNA
>100kbp), the DNA is labeled at specific motifs through
labeling enzymes and linearized through nanochannels for
visualization. The Bionano technology can identify megabases-
long CNVs as well as long-range translocation and other
rearrangements (“Bionano Genomics: https://bionanogenomics.
com”) (199). An interesting study from Xu and colleagues
applied optical mapping technology to study leukemia SVs.
The authors identified new SVs in leukemia samples and
underscored that the missed knowledge of SVs in cancer
samples might hamper advancement in the development of
diagnostic and therapeutic strategies (200). By combining
WGS to optical mapping, they were able to recover twice as
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many SVs as revealed by WGS alone. Additionally, they were
able to pinpoint variants that likely arose as somatic alterations.

To the best of our knowledge, the optical mapping technology
has not yet been used for the investigation of SVs in cutaneous
melanoma and its application may lead to useful insights for
cutaneous melanoma characterization and to a better
clinical management.
INTERNATIONAL EFFORTS

The increase of whole genome sequencing and transcriptome
sequencing data following the implementation of NGS
technologies offered the possibility to perform meta-analysis
studies aiming at identifying patterns of genomic alterations
across different tumor types (201). Several consortia were
established with the aim to federate a large amount of
sequencing data of cancer genomes.

The International Cancer Genome Consortium (ICGC) was
first established in 2007 to study the genomes of ~25,000 primary
untreated cancers as part of the “25K Initiative” (202) (“The
International Cancer Genome Consortium: https://icgc.org”)
(202). In a later phase, the ICGC launched the Pan Cancer
Analysis of Whole Genomes (PCAWG), also known as the Pan-
Cancer Project. A technical working group was assembled to
develop the informatic pipelines by aggregating the raw data
from different groups that studied individual tumor types and by
aligning the sequences to the human genome. This made it
possible to generate a set of high-quality somatic mutation calls
for the downstream analyses (201–203). ICGC has also planned
another initiative, named “The ARGO (Accelerate Research in
Genomic Oncology) Project” aiming at using clinical questions
and patient clinical data to drive the interrogation of cancer
genomes. The ARGO Project is expected to provide a unique
resource of multi-omics data for cancer patients undergoing
clinical trials in order to facilitate the discovery of new
therapeutic strategies. As of October, 2020 the ICGC
repository includes two skin cancer and one melanoma
projects (Supplementary Figure 1).

The “Catalogue Of Somatic Mutations In Cancer” (COSMIC)
represents an additional resource to explore the impact of
somatic mutations in cancer. The COSMIC database was
launched in 2004 with data from just four genes (204). The
resource continued to expand rapidly and by 2005 it included
529 genes from more than hundred thousand tumors (204). A
new version of the resource has been launched on August 27,
2020 and it includes 1,459,483 samples. It encompasses a curated
update on spliceosomes and also the launch of a new product,
“The Cancer Mutation Census (CSM)” (205) (“COSMIC, The
Catalogue Of Somatic Mutations In Cancer: https://cancer.
sanger.ac.uk/cosmic”) (205).

The Cancer Genome Atlas (TCGA) represents another
initiative empowering cancer genome data analysis to facilitate
our understanding of the molecular mechanisms underlying
cancer development. The project began in 2006 when it was
launched as a three years pilot project with a conjunct
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investment from the National Cancer Institute (NCI) and the
National Human Genome Research Institute (NHGRI) (206)
[“The Cancer Genome Atlas (TCGA): https://www.cancer.gov/
about-nci/organization/ccg/research/structural-genomics/tcga”]
(206). The project has characterized over 20,000 primary cancer
and matched normal samples encompassing 33 cancer types
(206) [“The Cancer Genome Atlas (TCGA): https://www.cancer.
gov/about-nci/organization/ccg/research/structural-genomics/
tcga”] (206). The TCGA has generated petabytes of genomic,
epigenomic, transcriptomic and proteomic data; such data is
publicly available and has already led to improvements in the
diagnosis, treatment and prevention of cancers. The TGCA
repository includes data from 470 characterized cases of
cutaneous melanoma, of which 331 samples have been
employed in an integrative analysis that included WGS, WES
and RNA-sequencing. Such integrative analysis aimed at
establishing a framework for the cutaneous melanoma
classification into four subtypes that can help clinicians in
making decisions for targeted therapies (207). Those four
subtypes included: i. the BRAF subtype which accounts for the
majority of cutaneous melanomas (~52%) and it is characterized
by the presence of a mutation on the BRAF gene; ii. the RAS
subtype defined by the presence of mutations on the RAS gene,
accounting for ~28% of cutaneous melanomas; iii. the NF1
subtype characterized by the presence of mutation on NF1
gene and accounting for ~14% of cutaneous melanomas; iv. the
Triple Wild-Type subtype, a more heterogenous subgroup
characterized by the absence of mutations on BRAF, RAS and
NF1 genes. The study reported some interesting findings,
including that the patients in the BRAF subtype were younger
than the patients in the other groups, while the opposite was
observed for patients in the NF1 group. The Triple Wild-Type
subtype showed a significant higher number of copy-number
segments and displayed more focal amplifications including
known oncogenes as compared to the other groups. The
same study also showed that a subset of each of the genomic
classes of cutaneous melanoma expressed markers indicative
of immune infiltration that were associated with improved
survival and could carry clinical relevance for immunotherapy
treatments (207).

Another useful tool for Cancer Genomics is cBioPortal which
provides visualization, analysis and download of large-scale
cancer genomics data sets (208) (“cBioPortal: https://www.
cbioportal.org”) (208). The Portal was initially developed at
Memorial Sloan Kettering Cancer Center (MSK) and the
cBioPortal software is now available under an open-source
license via GitHub. The maintenance of the software is
performed by a multi-institutional team that includes MSK,
the Dana Farber Cancer Institute, the Princess Margaret
Cancer Centre in Toronto, the Children’s Hospital of
Philadelphia, The Hyve in the Netherlands and Bilkent
University in Ankara, Turkey (208) (“cBioPortal: https://www.
cbioportal.org”) (208). The advantage of cBioPortal relies on the
user-friendly interface, an example of the data retrieved from
cBioPortal is displayed in Supplementary Figure 2. The
interface shows graphs from 471 patients.
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Another important consortium worth of mentioning is the
GenoMEL, the Melanoma Genetics Consortium, that represents
a non-profit consortium launched in 1997 that includes research
groups worldwide and it is focused on the study of genetics in
familial melanoma (“GenoMEL, the Melanoma Genetics
Consortium: https://genomel.org/research/programme-and-
aims/”) (209).

Additionally, a unique collaboration of multidisciplinary
experts from the European Dermatology Forum (EDF), the
European Association of Dermato-Oncology (EADO), and the
European Organization of Research and Treatment of Cancer
(EORTC) was formed to make recommendations on cutaneous
melanoma diagnosis and treatment, based on systematic
literature reviews and the experts’ experience (5).

The combined efforts of international consortia described
above has the potential to provide new insights into the genetic
makeup of cutaneous melanoma as well as identifying novel
molecular defects that can improve our understanding of
cutaneous melanoma pathogenesis.
HOW GENOMIC TECHNOLOGIES ARE
MOVING TOWARD PERSONALIZED
MEDICINE

Cutaneous melanoma, especially in metastatic stage, represents a
challenging clinical situation with a steady need for effective
treatment options. The past and current findings on the
mutational profile of cutaneous melanoma are opening new
doors to understand how this tumor initiates, progresses and
metastasizes and are leading to a new orientation for antitumor
therapy, referred as targeted therapy, which offers the
opportunity for various treatment options that can be used in
combination with other treatment modalities, i.e., surgical
resection, chemotherapy, radiotherapy, and immunotherapy.

The dramatic importance of molecular biology-based
strategies used for the detection of driving mutations in
melanoma oncogenes resides in defining targetable alterations
and making them “druggable”, thus enabling meaningful
advances in personalized medicine (210–212).

Since the first step to an efficient therapy is to identify which
patients will derive most benefit from given treatments, a
growing number of translational studies is now focused on the
identification of biomarkers useful in the selection of patients
eligible for specific treatments (213, 214). The critical role of
MAPK/ERK signaling pathway in melanoma has been used for
the development of targeted treatments. Since the activation of
MAPK/ERK signaling is often due to mutations in the BRAF and
NRAS genes, mutation testing for these genes has become a
standard procedure to guide the oncologist’s therapeutic choice
and predict the course of therapy (215–217). For instance, only
patients with a BRAFV600E-mutated melanoma are expected to
benefit from targeted therapies with BRAF/mitogen-activated
protein kinase (MEK) inhibitors, while patients with a
BRAFK601E-positive melanoma respond only to a minority of
those drugs, such as trametinib (33). Moreover, recent studies
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have indicated that BRAFV600E detection through circulating
tumor DNA prior to treatment is predictive of response to
BRAF/MEK inhibitors (218). Recently, there have been major
advancements in the treatment of cutaneous melanoma, due to
the introduction of targeted therapies, including for example
vemurafenib and dabrafenib (BRAF kinase inhibitors) and
trametinib and cobimetinib (MEK inhibitors) (219–221).

As another example, the preclinical observation that CDK4/6
inhibition can attenuate NRAS oncogenic signaling when
combined with MEK inhibition has led to an undergoing
clinical investigation of the synergistic inhibition of CDK4/6
(PD-0332991) and MEK1/2 (selumetinib) in NRAS-mutant
melanomas (29).

Despite the advances in the development of novel antitumor
approaches, resistance to targeted therapy is a noteworthy issue
in the management of melanoma patients, being driven by
multiple mechanisms. High genomic instability and
heterogeneity can promote primary (de novo) or acquired
resistance (occurring in tumors previously responsive to the
same treatment) (222, 223). A lack of treatment response and
poorer progression-free survival have been observed in patients
with BRAFV600-mutated metastatic melanoma, treated by
MAPK inhibitors, and with coexisting genetic alterations, such
as the TERTprom c-146C>T mutation, which can affect the
MAPK pathway blockade (37). Other mechanisms responsible
for MAPK reactivation and sustained ERK signaling include
alterations in MEK and NF1 genes. Additionally, the
overexpression of the RAF isoform, Raf-1 Proto-Oncogene,
Serine/Threonine Kinase (CRAF), can induce resistance to
BRAF inhibitors by MEK activation or by paradoxical
transactivation of RAF dimers, promoting ERK signaling (224,
225). Similarly, poor response to BRAF inhibitors in patients
with BRAF-mutant melanoma has been correlated to concurrent
loss-of-function mutations in the PTEN gene, which can lead to
the reactivation of the PI3K/AKT pathway (226). MAPK and
PI3K/AKT pathways have also been reported to get reactivated
by the expression of miR-204-5p and miR-211-5p in response to
short-term treatment with BRAF inhibitors (224).

Co-targeting signaling effectors downstream of driver
oncogenes represents an actionable strategy to overcome
resistance to BRAF inhibitors. MEK is a downstream effector
of BRAF. The combination of targeted therapy with BRAF/MEK
inhibitors is being applied routinely in the clinic, significantly
improving the response rates of patients with BRAF-mutant
metastatic melanoma (227–229). The combination of BRAF and/
or MEK inhibitors with immune checkpoint inhibitors is a
further option in clinical practice. Since the activation of the
Programmed Cell Death Protein 1 (PD-1)/Programmed Death-
Ligand 1/2 (PDL-1/2) axis is often exploited by tumor cells to
escape immune-mediated death, the use of anti-PD-1 or anti-
PDL-1 monoclonal antibodies, in combination with BRAF/MEK
inhibitors, has been proven to improve therapeutic response and
progression-free survival of cutaneous melanoma patients (223,
230, 231). Recently, it has also been suggested that TP53
mutation leads to downregulated FAS levels, which impede the
induction of apoptosis, limiting the response to immune
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checkpoint inhibitors, such as anti-cytotoxic T-lymphocyte
antigen-4 (CTLA-4), thus serving as a negative predictor of
response to therapy (61, 231). PTEN silencing in BRAF-mutant
melanoma cell lines has been associated to a decreased ability of
T-cells to kill the tumors (57).

Our understanding on tumor biology is now allowing testing
patients for a broader number of genes at the same time (232).
NGS technologies are able to identify genetic aberrations,
including rearrangements, CNVs, insertion, and deletions, that
have been previously neglected from the clinical testing. NGS-
based multigene panels offer a targeted method to assess several
genes simultaneously (233). These tests have also the capability
to identify specific actionable driver mutations and help in
understanding the underlying mechanisms of drug resistance
to point out patients more likely to respond to a given therapy.
An interesting study from Diefenbach and colleagues has
proposed a melanoma NGS multigene panel for the analysis of
circulating tumor DNA (234). The panel included 123 amplicons
in 30 genes encompassing targetable mutations as well as
alterations associated with resistance to treatment. Such panel
represented an improvement to the UltraSEEK Melanoma Panel
from Agena Bioscience, which can detect 55 clinically relevant
variants across 13 genes (235). Another example of melanoma
multigene NGS panel is represented by the VarMap NGS panel
which includes 8 genes frequently mutated in melanoma and
employs the NuProbe’s PCR based quantitative Blocker
Displacement Amplification (qBDA) technology (236) to allow
detection of variants at low frequency. Other NGS-based panel
for melanoma include the OnkoSight panel (237), the NeoTYPE
panel (238) and the SureSeq myPanel (239) among others.

NGS has also been applied to identify potentially actionable
DNA alterations that could explain resistance to targeted
therapy. An interesting study has identified resistance-related
mutations in BRAF positive patients that initially achieved
partial or complete response to BRAF inhibitors but whose
melanoma later progressed (240).

While the value of NGS for the identification of driver/
actionable mutations in cutaneous melanoma is being
recognized, scientists have started appreciating also the role of
melanoma high mutational load attributed to UV mutagenesis
(38). Cutaneous melanoma has been shown to exhibit a high
tumor mutational burden (TMB), defined as the total number of
somatic mutations per million bases, as compared to other
tumors (146, 241). The high TMB has been attributed to C>T
transitions induced by UV light and makes cutaneous melanoma
highly immunogenic (242) , thus most suitable for
immunotherapy. In fact, the TMB in melanoma has been
shown to associate to immune infiltration, response to
immunotherapy and prognosis (241).

As genomic technologies continue to evolve, we might see a
switch from a targeted approach to a genome-wide approach to
study melanoma. A refined molecular classification of cutaneous
melanomas by high-throughput genomic technologies has the
potential to lead toward a more rational approach to therapy,
including patient stratification in subgroups that are genetically
more homogeneous and likely to differ in clinical variables,
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including the pattern of metastasis, disease outcome, clinical
response to therapy, thus aiming at personalized treatment
approaches (227, 243).

The improved genomic characterization of cutaneous
melanoma represents a critical asset with diagnostic and
prognostic implications, helping the dermatopathologists in the
challenging classification of melanocytic lesions as benign,
intermediate, or malignant (48, 84). Defining a mutational
signature of driver mutations can also help in identifying those
lesions more likely to progress toward high grade melanoma (81).

As a matter of fact, in the era of targeted therapies, molecular
subtyping of melanoma is replacing the traditional
clinicopathological classification. As an example, based on
exome and genome sequencing studies, the TCGA Network
has classified cutaneous melanoma into four distinct molecular
subtypes: BRAF-mutant, NRAS-mutant, NF1-mutant, and
BRAF/NRAS/NF1 wild-type (triple-wild-type group), as
described above.

Knowing the tumor genetic signature would be helpful also in
the retrospective analysis of clinical trials’ data (243).

Finally, gene mutational status analysis could be also helpful
as predictor of response to immunotherapy, a novel approach
that has revolutionized the management of metastatic melanoma
(51, 244, 245).
CONCLUSION

The application of high-throughput technologies holds the
promise of personalized medicine, refining the current
classification of cutaneous melanoma and allowing the
employment of sequencing tests that can guide patient
management decisions. Personalized medicine also aims at
avoiding the use of potentially harmful treatment strategies,
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like chemotherapy for instance, by establishing where those
treatments are not beneficial for given patients (246).

While the employment of genetic testing in the clinical
management of cutaneous melanoma is very well documented
(215, 247–250), the application of genomic profiling through
high-throughput technologies in the treatment of melanoma is
still in its infancy.

NGS technologies are not limitations free. In fact, when
applied alone, they cannot capture the entire complexity of
melanoma biology. Additionally, not all the newly released
genomic technologies have been applied to the study of
melanoma. The cost of sequencing technologies is also an
important limitation. We expect that with the advancement in
sequencing technologies and with the drop in prices, the field of
cutaneous melanoma will benefit from new discoveries and these
technologies will allow an improved treatment of cutaneous
melanoma patients.

We hope that this review provides an up-to-date overview of
genomic technologies in the context of melanoma classification
and eventually facilitates the application of personalized medicine.
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Therapeutic Advancements Across
Clinical Stages in Melanoma, With a
Focus on Targeted Immunotherapy
Claudia Trojaniello1, Jason J. Luke2 and Paolo A. Ascierto1*

1 Unit of Melanoma, Cancer Immunotherapy and Development Therapeutics, Istituto Nazionale Tumori IRCCS Fondazione G.
Pascale, Napoli, Italy, 2 Cancer Immunotherapeutics Center, University of Pittsburgh Medical Center and Hillman Cancer
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Melanoma is the most fatal skin cancer. In the early stages, it can be safely treated with
surgery alone. However, since 2011, there has been an important revolution in the
treatment of melanoma with new effective treatments. Targeted therapy and
immunotherapy with checkpoint inhibitors have changed the history of this disease. To
date, more than half of advanced melanoma patients are alive at 5 years; despite this
breakthrough, approximately half of the patients still do not respond to treatment. For
these reasons, new therapeutic strategies are required to expand the number of patients
who can benefit from immunotherapy or combination with targeted therapy. Current
research aims at preventing primary and acquired resistance, which are both responsible
for treatment failure in about 50% of patients. This could increase the effectiveness of
available drugs and allow for the evaluation of new combinations and new targets. The
main pathways and molecules under study are the IDO inhibitor, TLR9 agonist, STING,
LAG-3, TIM-3, HDAC inhibitors, pegylated IL-2 (NKTR-214), GITR, and adenosine
pathway inhibitors, among others (there are currently about 3000 trials that are
evaluating immunotherapeutic combinations in different tumors). Other promising
strategies are cancer vaccines and oncolytic viruses. Another approach is to isolate
and remove immune cells (DCs, T cells, and NK cells) from the patient’s blood or tumor
infiltrates, add specific gene fragments, expand them in culture with growth factors,
and re-inoculate into the same patient. TILs, TCR gene transfer, and CAR-T therapy
follow this approach. In this article, we give an overview over the current status of
melanoma therapies, the clinical rationale for choosing treatments, and the new
immunotherapy approaches.

Keywords: immunotherapy, advanced melanoma, immune system, target therapy, immune checkpoint inhibitor (ICI)
INTRODUCTION

In recent years, we have witnessed a revolution in treatment and, consequently, a marked
improvement in the overall survival (OS) of patients with metastatic melanoma. Before 2011,
treatment with chemotherapy had been the standard of care for melanoma patients; the median
survival of patients who were diagnosed with advanced melanoma was 6–9 months, with only 25%
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alive at 1 year and <10% alive at 5 years (1). Since 2011, with
the approval of several agents for the treatment of advanced
melanoma, the likelihood of survival for patients with advanced
disease has increased. The therapeutic armamentarium in
melanoma now comprises immune checkpoint inhibitors
(ICIs) and targeted therapy in the adjuvant and metastatic
settings, and these agents are also being investigated in the
pre-surgical setting. Tumor cells are able to evade immune
surveillance in some ways, including the activation of immune
checkpoint pathways that suppress the antitumor immune
response, and overexpress the ligand for PD-1 (programmed
cell ligand PD-1 or PD-L1), which facilitates the escape from the
immune system (2).

Antibodies, such as nivolumab or pembrolizumab
(anti-PD-1), can reinstitute an intra-tumoral immune response
by targeting PD-1, interrupting the co-inhibitors’ signature
pathways and inducing the immune response against cancer
cells (3). The MAPK signaling pathway also plays a pivotal role
in the advancement of melanoma (4, 5). Its activation triggers a
signal cascade, which leads to the inactivation of MAPK,
including RAS (HRAS, NRAS, and KRAS), RAF serine/
threonine kinases (ARAF, BRAF, and CRAF), MEK, and ERK.
Important cellular activities such as differentiation, proliferation,
survival, migration, and angiogenesis are regulated by these
kinases. If signaling through this pathway is dysregulated,
unconstrained cell growth and cell transformation can occur
(6). The activation of BRAFmutations can be found in both skin
(50%) and mucosal melanomas (10–20%) (7) and can cause
constitutive activation of BRAF and downstream MAPK
signaling (8). It has been demonstrated that patients affected
by BRAFV600 mutation-positive unresectable or metastatic
melanoma can be treated with the MEK inhibitors trametinib,
cobimetinib, and binimetinib, and the BRAF inhibitors
dabrafenib, vemurafenib, and encorafenib. BRAF-resistant
melanomas usually determine a reactivation of the MAPK
signaling pathway (9). This pathway can be used by the tumor
as an “escape route” from the BRAF inhibitor; therefore, the
addition of a MEK inhibitor allows to delay the development of
resistance. Therapies that combine MEK and BRAF inhibitors
have demonstrated to be more effective and to reduce the toxicity
resulting from monotherapy with BRAF inhibitors. However,
there is still large room for improvement in the treatment of
metastatic melanoma by addressing two of its major problems:
resistance and treatment-related adverse events (TrAEs). TrAEs,
which are frequent in combination therapy, lead to treatment
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discontinuation in approximately 15% of patients and dose
modifications or interruptions in approximately 50% of
patients (10), while resistance is developed by 80% of patients
within the first 3 years of therapy.

Some preclinical and clinical studies are ongoing, focusing on
new combination treatments and new targets, with the aim to
improve the outcome of patients with melanoma. At present,
there are approximately 2250 active trials testing more than 295
targets. Here, we comprehensively present current approaches
for the treatment of metastatic melanoma in adjuvant,
neoadjuvant, and metastatic settings.
ADJUVANT TREATMENT

Stage III
Current State of Care
The treatment of choice for early-stage cutaneous melanoma is
surgical excision, and, in most cases, it can be curative. However,
some patients will ultimately relapse with metastatic or locally
advanced disease. Clinical outcomes in patients with stage IIIB,
C, and D have historically been poor, with a metastasis-specific
survival (MSS) at 5 years of 83%, 69%, and 32%, respectively
(11). Around 80% of relapses in resected stage III melanoma
occurred within the first 2 years (12).

These differences have implications both in the clinical
decision-making and in the design and analysis of clinical
trials on adjuvant therapy.

At present, adjuvant treatment is indicated in patients at high
risk of recurrence in patients with stage IIIB, C, and D or stage A
with sentinel lymph node tumor deposits >1 mm.

Until 2012, IFN-a-2b was the only drug to demonstrate
efficacy as adjuvant therapy in melanoma (11, 13). At present,
IFN can only be considered in cases of stage IIB/C ulcerated
melanoma, for which new-generation adjuvant therapies are not
available, even if some clinical trials are ongoing.

Over the past years, some randomized studies in the adjuvant
setting have been conducted to evaluate the activity of drugs that
are already approved for metastatic disease (Table 1). Lymph
node dissection has been included as the inclusion criteria in
most adjuvant therapy trials; nevertheless, a lot of patients do not
receive complete lymph node dissection anymore since the
results of MSLT-2 (18). Moreover, the staging system for
melanoma from the American Joint Committee on Cancer
(AJCC) changed from the 7th to the 8th edition in January
TABLE 1 | Update on the latest results of adjuvant clinical trials.

EORTC 18071 (14) COMBI – AD (15) CheckMate 238 (16) KEYNOTE 054 (17)

Stage IIIA (>1 mm)/B/C IIIA (>1 mm)/B/C IIIB/C/resected IV IIIA (>1 mm)/B/C
Treatment arm Ipilimumab Dabrafenib + trametinib Nivolumab Pembrolizumab
Control arm Placebo Placebo Ipilimumab Placebo
Update 7 years 5 years 4 years 3 years
RFS 39.2% 52% 51.7% 63.7%
OS 60% 65% 77.9% NR
DMFS 44.5% 65% 59% 65%
trAEs G3–4 54.1% 31% 14.4% 7.7%
June 2021 | Volume
 11 | Article 670726

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Trojaniello et al. Therapeutic Advancements in Melanoma
2018 (12). The first adjuvant therapy study was the EORTC
18071, a randomized phase III trial that compared ipilimumab at
a dosage of 10 mg/kg for 4 doses, then every 2 months for up to 3
years and placebo in patients with stage III (IIIA >1 mm lymph
node metastasis, IIIB, IIIC) (19). This clinical trial showed a
benefit of ipilimumab in terms of relapse-free survival (RFS), OS,
and distant metastasis-free survival (DMFS) (14). However, this
benefit was associated with a grade (G)3/4 adverse events (AE)
rate of 54.1%, including a treatment-related mortality rate of 1%
(n=5) for patients who received ipilimumab therapy (deaths
from colitis, myocarditis, and Guillain-Barré syndrome) (19).
Based on these data, ipilimumab was approved in 2015 by the US
Food and Drug Administration (FDA) for the adjuvant
treatment of melanoma, at a dosage of 10 mg/kg. In Europe,
this treatment has never been approved. Currently, the use
of ipilimumab in the adjuvant setting has been replaced by
anti-PD-1 or BRAF-directed therapies.

The COMBI-AD is a randomized, phase III trial comparing
12 months of adjuvant therapy with both the BRAF and the MEK
inhibitors dabrafenib and trametinib, respectively, versus
placebo in patients with resected, BRAFV600-mutant, stage III
melanoma (14). At a minimum study follow-up of 60 months,
the trial showed a benefit of targeted therapy in terms of RFS and
DMFS (20). Based on these results, the combination was
approved by the FDA in April 2018, followed by the EMA for
the adjuvant treatment of patients with resected BRAFV600-
mutant stage III melanoma.

A phase III clinical trial, the CheckMate 238, has compared
nivolumab at a dosage of 3 mg/kg every 2 weeks for 1 year in
patients with completely resected stage IIIB/C or IV with
ipilimumab at a dosage of 10 mg/kg every 3 weeks (Q3W) for 4
doses and every 12 weeks thereafter for 1 year in the adjuvant setting
(21). At amedian follow-up of 51.1 months (16), the 4-year RFS was
better in the nivolumab arm, while OS at 4 years was similar in both
treatment groups (77.9 and 76.6%, respectively). Median OS (mOS)
was not reached in both arms. However, 49% of ipilimumab-treated
patients received subsequent therapy compared with 41% of those
in the nivolumab group. TrAEs of G3/4 were reported in only 14.4%
of patients in the nivolumab arm versus 45.9% of those in the
ipilimumab arm, with discontinuation due to immune-related
adverse events (IrAEs) in 9.7% and 42.6%, respectively (21). Two
treatment-related deaths in the ipilimumab group were reported:
marrow aplasia in one patient and colitis in one patient.

Based on this study, in December 2017, the FDA and then in
July 2018, the EMA approved the use of nivolumab in the adjuvant
melanoma setting in all stage III and IV resected patients. Similar
RFS results were recently reported in phase III clinical trial
KEYNOTE 054 (22) in which patients with stage III melanoma
were randomized to treatment with pembrolizumab at a dosage of
200 mg Q3W or placebo. The 3-year RFS and 3–5-year DMFS were
higher in the pembrolizumab group (17, 23). IrAEs of G3–4
occurred in 7.7% of patients in the pembrolizumab group and in
0.6% in the placebo group, and, in any case, the occurrence of an
irAE was significantly associated with a longer RFS in the
pembrolizumab arm (17). There was one pembrolizumab-related
death (myositis) (22).
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Based on this study, pembrolizumab was approved, first by
the EMA in October 2018, then by the FDA in February 2019 for
the adjuvant treatment of stage III melanoma patients.
Emerging Strategies
CA209-915 is a phase III, randomized clinical trial studying the
effectiveness of adjuvant immunotherapy after complete
resection of stage IIIB/C/D or IV melanoma, according to the
AJCC 8th edition; drugs involved are nivolumab combined with
ipilimumab versus ipilimumab or nivolumab monotherapy.
Study enrollment has been completed, but full results have not
yet been released. In November 2019, results for only one of the
co-primary endpoints were announced. Data showed that the
combination did not lead to any improvement in RFS in the all-
comer (intent-to-treat) population (24). Previously, in
November 2019, the supporting company reported that the
combination did not result in a PFS improvement compared
with nivolumab alone when used in the adjuvant setting for
patients with resected stage IIB/C/D or stage IV melanoma and
whose tumors expressed PD-L1 <1%, thus failing to achieve the
co-primary endpoint of the trial (25).

IMMUNED is a randomized, double-blind phase II trial,
evaluating adjuvant nivolumab plus ipilimumab versus
nivolumab versus placebo in patients with resected stage IV
melanoma. The primary endpoint was RFS. At a median follow-
up of 28.4 months, the median RFS in the placebo group was 6.4
months and 12.4 months in the nivolumab group, whereas it was
not reached in the combination group. In the nivolumab plus
ipilimumab group, RFS at 2 years was 14% in the placebo group;
versus 42% in the nivolumab group and 70% in the combination
group. G3–4 TrAEs were reported in 27% of patients in the
nivolumab group and in 71% of patients enrolled in the
combination group (26).

In another phase IIb trial, patients with resected stage III/IV
melanoma were randomized to receive tumor lysate, particle-
loaded, dendritic cell (TLPLDC) vaccine versus placebo. By ITT
analysis, 36-month OS was 76.2% versus 70.3% in placebo arm
(HR: 0.72, p=0.437) and 36-month disease-free survival (DFS)
was 35.6% vs 27.1% (HR: 0.95, p=0.84). By per-treatment
analysis, 36-month DFS was 57.5% in TLPLDC arm versus
35% in the placebo group (HR: 0.50, p=0.025); this effect was
more evident in resected stage IV patients, with a 36-month DFS
of 60.9% versus 0% (HR: 0.12, p=0.001) (27). A phase III trial will
evaluate the improvement of a TLPLDC vaccine as adjuvant
treatment for resected stage IV melanoma, in combination with
anti-PD-1 versus anti-PD-1 alone.

The SWOG 1404 is a phase III randomized study in stage IIIA
(N2)/B/C or resectable IV melanoma in which patients will
receive high-dose IFN or pembrolizumab (28). The primary
endpoints are RFS and OS.

The CA045-022 is an ongoing phase III randomized, open-
label trial, which compares patients with stage III or resected IV
receiving adjuvant treatment with bempegaldesleuskin (NKTR-
214), a PEGylated interleukin-2 (IL-2), in combination with
nivolumab versus those on nivolumab alone (NCT04410445).
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Stage II
The Current State of Care
After excellent results were obtained with adjuvant treatment in
patients with stage III melanoma, and the subsequent approval of
nivolumab, pembrolizumab, and dabrafenib in combination with
trametinib, attention has now shifted to stage II melanoma patients.

Patients affected by stage II melanoma are divided into two
groups (low and high risk) according to the risk of relapse
(Table 2) (29). Patients at low risk of recurrence (tumor ≤4
mm in thickness without ulceration or ≤2 mm in thickness with
ulceration, stage IIA), have a high probability to be cured only by
surgery. However, the 5-year MSS in stage IIC is 82%, which is
comparable to the 83% of stage IIIB; patients with stage IIIA
disease have a better prognosis than those with stage IIC disease.

In countries without access to clinical trials, adjuvant (PEG)-
IFN-a-2b treatment is an option for patients with ulcerated
melanomas without palpable nodes (stage IIB/C) or stage III (30).

Emerging Strategies
The KEYNOTE-716 is one of the largest clinical trials currently
ongoing. It is a phase III, randomized trial evaluating 1 year of
pembrolizumab Q3W versus placebo in patients with stage IIB/C
melanoma according to the AJCC 8th edition. The primary
endpoint is RFS, and crossover from placebo or re-challenge of
pembrolizumab is allowed (NCT03553836).

CA209-76K is a phase III, randomized, double-blind study of
nivolumab versus placebo for 12 months after complete resection
of stage IIB/C melanoma. In the event of disease recurrence,
participants will have the option to receive on-study open-label
nivolumab treatment (NCT04099251).

So far, the only trial, in development, evaluating adjuvant
sequential treatment with BRAF (encorafenib) and MEK
(binimetinib) inhibitors followed by anti-PD-1 versus
anti-PD-1 alone versus placebo in melanoma stage IIA/B/C
patients is the EORTC 1902.
NEOADJUVANT THERAPY

Current State of Care
At present, no neoadjuvant treatment is approved for patients
with melanoma.

The ESMO Consensus Conference positively evaluated the
data on neoadjuvant therapy for resectable stage III melanoma,
although they did not justify the indication at the moment.
However, if any agents would become available and associated
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with improved survival, it should be considered prior to surgical
resection. When the disease is technically resectable but in-
transit and/or bulky nodal, and surgery could be associated
with major morbidity, neoadjuvant strategies should be
considered even outside the context of a clinical trial (31).

Emerging strategies Preclinical studies suggested that
neoadjuvant ICI treatment, compared with adjuvant treatment,
is associated with antigen-specific T-cell responses. The primary
site of the tumor can be used as a spring of antigens for the
spread and activation of tumor-specific T cells and to control
micro-metastases (32); however, optimal regimens have not been
defined (33).

Intravenous Treatment
A study presented at the 2019 ASCO Annual Meeting and
conducted in institutions participating in the International
Neoadjuvant Melanoma Consortium pooled data from six
neoadjuvant systemic therapy trials (anti-PD-1 in 133 patients
and BRAF/MEK target therapy in 55 patients). It demonstrated
how patients treated with neoadjuvant systemic therapy
(nivolumab, either as monotherapy or in addition with
ipilimumab, pembrolizumab, or dabrefenib plus trametinib)
had better chances to be relapse-free when achieving
pathologic complete response (pCR) compared with those who
did not achieve it. pCR was achieved in 41% of patients (38%
treated with immunotherapy and 47% with targeted therapy).
Immunotherapy was more effective than targeted therapy at 12
months; 83% of the patients who received it remained relapse-
free compared with just 65% of those who underwent targeted
therapy. Patients with pCR showed an improved RFS compared
to those without pCR. Moreover, 100% of the patients with pCR
who were treated with immunotherapy were relapse-free versus
just 72% of those without pCR (p<0.001). Targeted therapy at 12
months showed a relapse-free rate of 88% in pCR patients and
43% in patients without pCR (34).

Some clinical trials evaluated the role of neoadjuvant
treatment in patients with melanoma:

The OpACIN trial was the first to evaluate neoadjuvant
treatment in patients with melanoma (35). This was a
randomized phase 1b trial, in high-risk stage III melanoma
patients, which compared neoadjuvant nivolumab plus
ipilimumab followed by nivolumab and ipilimumab after regional
lymph node dissection versus adjuvant ipilimumab plus nivolumab.
In both arms, 90% of patients experienced G3/4 trAEs.

At the 4-year follow-up, all of the AEs have recovered to grade
≤1 except endocrine toxicities requiring hormone replacement
therapy, and no new G3–4 AEs were observed (36).
TABLE 2 | Low- and high-risk stage II melanoma (29).

Low risk (stage IIA) High risk (stage IIB/C)

Thickness ≤2 mm + ulceration
≤4 mm without ulceration

>2 mm + ulceration
>4 mm (regardless ulceration)

Lymph node involvement No No
Melanoma-specific survival at 5 years (19) 94% 85% \ 82%
Melanoma-specific survival at 10 years (19) 88% 82% \ 75%
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Pathologic response (pR) was achieved in 78% of patients in
the neoadjuvant arm, with three pCRs, three near pCRs (≤10%
viable tumor cells), and one patient achieving a pathological PR
(partial response) (pPR ≤50% viable tumor cells). After a mean
follow-up of 36 months for OpACIN, only one out of 71 patients
(1.4%) relapsed on neoadjuvant therapy with pathological
response (pR) (37). After a median follow up of 48 months,
none of the seven patients with a confirmed pPR in the
neoadjuvant arm have relapsed. The estimated 4-year RFS rate
for the neoadjuvant arm was 60% and 60% for the adjuvant arm,
and the 4-year OS was 90% and 70%, respectively (36). The
OpACIN trial is the first to show how neoadjuvant combination
is superior to adjuvant immunotherapy. Furthermore, this trial
suggested that pR can function as a surrogate marker for RFS.

Another phase II trial (38) of neoadjuvant treatment enrolled
23 patients with high-risk stage III or oligometastatic stage IV
melanoma in two arms: neoadjuvant with four courses of
nivolumab versus three courses of ipilimumab in combination
with nivolumab, followed by surgical resection and subsequently
by adjuvant nivolumab for 6 months. Combination treatment
showed high response rates (overall response rate [ORR]: 73%,
pCR 45%) but a high rate of grade 3 trAEs (73%). Treatment with
nivolumab monotherapy showed moderate responses (ORR
25%, pCR 25%) with a low incidence of grade 3 toxicity (8%),
without grade 4 or 5 trAEs. At a median follow-up of 15.6
months, 11/11 of the patients receiving dual checkpoint blockade
were still alive. Due to disease progression in 17% of patients in
the monotherapy arm and a high rate of grade 3 trAES, the study
was stopped early. The combination of ipilimumab with
nivolumab resulted in a trend to improved survival outcomes
(PFS, DMFS, OS) compared with nivolumab monotherapy,
although significance was not reached (38).

OpACIN-neo is a phase II, open-label, randomized trial in
high-risk stage III melanoma. In this trial, 86 patients were
randomized to one of three neoadjuvant dosing schedules (arm
A: 2 × ipilimumab 3 mg/kg + nivolumab 1 mg/kg Q3W; arm B:
2 × ipilimumab 1 mg/kg + nivolumab 3 mg/kg Q3W; and arm C:
2 × ipilimumab 3 mg/kg Q3W followed immediately by 2 ×
nivolumab 3 mg/kg Q2W for 6 weeks prior to surgery, without
adjuvant therapy (39). The primary endpoints were both the
proportion of patients with grade 3/4 IrAEs within the first 12
weeks and the rate of patients achieving a radiological objective
response and pR at 6 weeks. Arm C was closed early due to high-
grade G3/4 AEs. At 24-month follow-up, of the 81 patients alive,
68% still showed irAEs but only 3% experienced ≥grade 3 irAEs
(40). Radiologic objective response and pR were reported in 63%
and 80% in group A, in 57% and 77% in group B and in 35% and
65% in group C, respectively. OpACIN-neo identified that the
treatment regimen in group B, two cycles of ipilimumab 1 mg/kg
plus nivolumab 3 mg/kg once Q3W intravenously, can be
considered as the most suitable dosing and schedule, associated
with the lowest grade G3/4 toxicities and a similar pR rate
compared with the other two dosing regimens.

Estimated 24-month RFS was 84% for all patients (95% CI:
76–92%); 90% for arm A (95% CI: 80–100%), 78% for arm B
(95% CI: 63–96%) and 83% for arm C (95% CI: 70–100%), thus
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confirming the high pR rates achieved with combination in
neoadjuvant setting (41).

“Nadina study” is a yet-to-start, randomized, international
phase III trial, which will evaluate two courses of neo-adjuvant
‘low-dose’ ipilimumab (1 mg/kg) + nivolumab (3 mg/kg)
followed by surgery and then 1 year of anti-PD-1 adjuvant
systemic therapy. The PRADO study was an extension cohort
of the OpACIN-neo study, which aims to further evaluate the pR
rate and toxicity of combination treatment of nivolumab and
ipilimumab in the neoadjuvant setting for two cycles and to save
patients from surgery on the basis of pR (42). In this study, all
patients did receive excision of the index node. Patients that
achieved major pR (MpR) in the largest lymph node metastasis,
did not undergo lymph node dissection while patients with pPR
or with no pathologic response underwent lymph node
dissection followed by nivolumab or target adjuvant therapy of
52 weeks. pCR was achieved in 50% of patients, near pCR in 11%,
and pPR in 10%. The ORR was 71%. This meant that a complete
therapeutic lymph node dissection was needed by just 40 out of
99 patients, thus reducing surgical morbidity. Longer follow-up
is necessary to fully evaluate safety and RFS in patients without
lymph node dissection (43).

At the ESMO 2020 were reported health-related quality of life
data showing that patients with MpR following neoadjuvant
immunotherapy who have reduced the extent of surgery have a
significantly better health-related quality of life scores (44).

Oral Treatment
Dabrafenib and trametinib were evaluated in the neoadjuvant
setting in a single-center, open-label, randomized, phase II trial
on 21 patients with surgically resectable clinical stage III or
oligometastatic IV melanoma with BRAFV600E/K mutations
(45). Patients were randomized to receive the neoadjuvant/
adjuvant treatment or the standard surgery ± adjuvant therapy.
Patients assigned to the targeted therapy arm received 8 weeks of
neoadjuvant dabrafenib and trametinib followed by surgery and
then adjuvant dabrafenib and trametinib for up to 44 weeks.

An interim safety analysis showed how treatment with
neoadjuvant dabrafenib plus adjuvant trametinib allowed
longer event-free survival compared with the standard
approach; the trial was thus stopped early. The study is now
continuing as a single-arm study of neoadjuvant plus adjuvant
dabrafenib and trametinib. Event-free survival, the primary
endpoint of the trial, was 19.7 months for neoadjuvant plus
adjuvant dabrafenib and trametinib, versus 2.9 months for
standard care (HR: 0.016, 95% CI: 0.00012–0.14; p<0.0001),
without any G4 AEs in either arm.

NeoCombi was a single-arm, open-label, single-center, phase
II trial, which enrolled patients who were affected by stage IIIB/C,
BRAF V600-mutated melanoma and receiving dabrafenib plus
trametinib for 12 weeks of neoadjuvant therapy before surgery,
followed by 40 weeks of adjuvant therapy (46). The primary
endpoints were the rate of patients achieving a pCR and the
proportion of patients achieving a response at week 12. At a
median follow-up of 27 months, 86% achieved a RECIST
(Response Evaluation Criteria in Solid Tumors) response (46%
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CR and 40% PR), 14% achieved a stable disease without
progression in any patients. After surgery, all patients achieved
a pR (49% pCR and 51% non-complete pR). A 2-year RFS in
patients with a complete pR was achieved in 63.3% versus 24.4%
of patients with a non-complete pR. Serious trAEs occurred in
17% of patients and 29% of patients developed G3–4 AEs (most
common were pyrexia and syncope), without treatment-
related deaths.

Intratumoral Treatment
The oncolytic virus Talimogen laherparepvec (T-VEC) consists
of a genetically modified herpes simplex virus (HSV-1) able to
preferentially thrive in neoplastic cells: it enhances antigen
loading of MHC class I molecules and promotes the expression
of granulocyte–macrophage colony-stimulating factor (GM-
CSF), increasing tumor antigen presentation by dendritic cells.

The administration of T-VEC prior to surgery was associated
with improved RFS and OS compared with surgery alone in
patients with resectable advanced melanoma, according to
results of a multicenter, open-label, phase II trial (47). In this
study, patients with high-risk stage IIIB-IV M1a resectable
melanoma were randomly assigned to immediate surgery or
intralesional T-VEC followed by surgery. Among the patients in
the T-VEC arm, 22.8% had a pCR. Investigator-assessed clinical
response in the T-VEC arm was 13.2%. The disease control rate
(DCR) was 40.8%. The most common trAEs were flu-like
symptoms; G3 AEs in the T-VEC group consisted of two cases
of cellulitis and one case each of anembryonic gestation,
cholecystitis, device occlusion, influenza, and wound infection
[49]. The 3-year OS rate in T-VEC arm was 83.2% versus 71.6%
for surgery alone (HR: 0.54, 80% CI: 0.36–0.83; p=0.061). The 3-
year RFS rate was 46.5% with T-VEC plus surgery compared
with 31% with surgery alone (HR: 0.67; 80% CI: 0.51–0.88,
p=0.043). Median OS at 3 years was not reached in both
arms (48).

The Neo-C-Nivo is a phase II study that evaluates the effects
of neoadjuvant intra-tumoral CMP-001 in combination with
nivolumab in patients with stage IIIB/C/D treatment-naïve
melanoma, deemed surgically resectable, with an accessible
tumor for biopsy and CMP-001 injection (49). CMP-001 is a
type A CpG packaged with a virus-like particle that activates
tumor-associated plasmacytoid dendritic cells via TLR9 inducing
type I IFN and anti-tumor CD8+ T cells (50). The primary
endpoint was the MpR and incidence of dose-limiting toxicities,
while RFS, OS, and radiographic response were the secondary
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endpoints. At the final analysis presented at SITC 2020, no dose-
limiting toxicities or G4/5 trAEs were observed; the most
frequent G3 AE was hypertension (9.7%) followed by
arthralgia in 3.2%, colitis in 3.2%, hypophosphatemia in 3.2%,
and injection site infection in 3.2% of patients. Radiographic
responses were seen in 43%, while 30% had stable disease (SD)
and 27% had progressive disease (PD). pCR was achieved in 50%
and pMR in 10% with a pR of 70%. Responders had evidence of
activated CD8+ T cells peripherally and TIM-3 upregulation was
evidenced on CD8+ T cells in non-responders. The RFS at 1 year
was 90% in all pathological responders, with a median RFS not
reached in pathological responders versus 5 months in non-
pathological responders (51).
TREATMENT OF STAGE III/IV NON-
RESECTABLE MELANOMA

Current State of Care
The treatment of patients with metastatic or unresectable
melanoma has greatly evolved in the last decade, thanks to
the development of ICIs and MAPK molecular targeted
therapy directed towards the oncogenic BRAF and MEK
signaling pathways (Tables 3 and 4).

Immunotherapy
The first immunotherapeutic agent approved in metastatic
melanoma was ipilimumab, in 2011 (52), based on a randomized
phase III (52) clinical trial “MDX010-020” in which patients with
metastatic melanoma, pretreated, were randomly assigned to receive
ipilimumab, gp100 (peptide vaccine), or ipilimumab in combination
with gp100. OS was significantly longer with ipilimumab alone or in
combination with gp100 (10.1 months) compared with gp100 alone
(6.4 months; HR: 0.68, p<0.001).

In 2014, the results of the randomized phase III trial
KEYNOTE 006 (56), which evaluated patients with advanced
melanoma receiving pembrolizumab (10 mg/kg Q2W Q3W) or
ipilimumab (3 mg/kg Q3W for 4 total doses), accounted for the
FDA approval of pembrolizumab (53).

In 2015, nivolumab was approved in untreated patients with
metastatic melanoma, based on the results of CheckMate 066
(57), a randomized double-blinded phase III study that evaluated
treatment with nivolumab versus dacarbazine in patients with
advanced BRAF wild-type melanoma in the first-line setting (54).
TABLE 3 | Last results of KEYNOTE 006, CheckMate 066 and CheckMate 067 trial.

KEYNOTE 006 (53) CheckMate 066 (54) CheckMate 067 (55)

Treatment arm Pembrolizumab Nivolumab Nivolumab + ipilimumab
Last update 5 years 5 years 5 years
mPFS 8.4 5.1 11.5
PFS NR 28% 36%
mOS 32.7 37.3 NR (more than 60)
OS 38.7% 39% 52%
ORR 42% 42% 58%
trAEs G3–4 17% 15% 59%
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In 2016, the combination of nivolumab plus ipilimumab in
untreated patients with BRAF V600 wild-type and BRAF V600
mutation-positive metastatic melanoma was approved following
the results of the randomized double-blind phase III study
CheckMate 067 (55), which compared the combination
regimen versus nivolumab or ipilimumab in monotherapy in
the first-line treatment of patients with advanced melanoma.

In patients with unresectable cutaneous, subcutaneous, or
nodal melanoma, T-VEC was approved in 2015 by the FDA,
based on the OPTiM phase III randomized trial (58). In this
study, patients with stage IIIB or IV melanoma were randomly
assigned to intralesional T-VEC or GM-CSF administered
subcutaneously at 125 µg/mq daily for 14 days in 28-day
cycles. At a median follow-up of 49 months, mOS was 23.3
months with TVEC and 18.9 months with GM-CSF (p=0.051),
in the ITT population estimated OS probability at 5 years was
33% versus not evaluable, durable response rate (DRR) was 19.0
versus 1.4%; ORR was 31.5 versus 6.4%, respectively. In T-VEC
patients, the median time to CR was 8.6 months; median CR
duration was not reached (59). The subanalysis of the OPTiM
trial comparing stage IV M1b or M1c patients with metastases to
visceral or lung sites and patients with melanoma at stage IIIB/IV
M1a, revealed as DRR of 5% versus 25%, ORR of 9% versus 41%,
and CR rates of 4% versus 17%, respectively (60). Therefore, it
seems that only stage IIIB–IV M1a disease may be addressed
with TVEC monotherapy, likely due to its activity against dermal
satellite or in transit metastases and its high degree of control
locoregional disease; in stage M1b or M1c systemic effects, which
normally require combination approaches, are limited.

Targeted Therapy
At present, there are three combination regimens approved.

The combination of dabrafenib plus trametinib was the first
BRAF–MEK combination approved for metastatic melanoma, in
2015, based on the two phase III clinical trials, COMBI-v (61, 62)
and COMBI-d (63), comparing the combination with vemurafenib
or dabrafenib monotherapies, respectively. The randomized, phase
III co-BRIM trial compared the combination of vemurafenib and
cobimetinib versus vemurafenib monotherapy (64). In 2015, the
FDA approved this combination to treat patients with metastatic
melanoma (64, 65). COLUMBUS was a phase III, randomized trial
addressing the combination of encorafenib and binimetinib versus
vemurafenib (66, 67), thus gaining the approval from the FDA
in 2018.
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In terms of efficacy, the approved BRAFi/MEKi combinations
are overall comparable; response rates range from 60 to 70% and
18-month PFS rates range from 30 to 40% (63, 64, 69) with
distinct toxicity profiles.

On the basis of the findings from IMspire150, in 2020, the
FDA approved the PD-L1 inhibitor atezolizumab in combination
with cobimetinib and vemurafenib for the treatment of patients
with advanced melanoma with BRAF V600 mutations. The trial
was a double-blind, multicenter, placebo-controlled randomized
phase III study that enrolled patients with unresectable locally
advanced melanoma or previously untreated BRAF V600
mutation-positive metastatic melanoma (68).

Emerging Strategies
Alternative Dosing of Ipilimumab + Anti-PD-1
A remarkably interesting phase II study evaluated the need for
more than two doses of nivolumab plus ipilimumab followed by
maintenance nivolumab, in patients with unresectable stage III/
IV melanoma, with the aim to evaluate whether decreasing the
dose of the combination would reduce toxicity achieving the
same outcome than that of the standard approach (70). Patients
were treated with two doses of nivolumab (1 mg/kg) plus
ipilimumab (3 mg/kg) followed by a CT scan at week 6; if
tumor burden growth was >4%, patients received two further
doses of nivolumab plus ipilimumab; if otherwise, patients
underwent maintenance nivolumab therapy. Results showed
that 68% of patients had tumor shrinkage or no growth at
week 6 with two doses of the combination. None of the
patients who had PD (32% of patients) at week 6 moved on
the response at week 12, showing that efficacy and toxicities with
the combination appear to be driven by the first two doses of
treatment; however, it is still unclear which patients are at
increased likelihood of benefitting from fewer doses.
Furthermore, no difference in toxicity was disclosed, with
emerging toxicity deemed as probably related to early
combination dosages (70).

The CheckMate 511 trial, evaluating two different dosages
(ipilimumab 3 mg/kg and nivolumab 1 mg/kg or ipilimumab 1
mg/kg and nivolumab 3 mg/kg) of the nivolumab plus
ipilimumab combination, showed similar results. The primary
aim of the study was to determine if ipilimumab 1 mg/kg was
better tolerated than the 3 mg/kg dosage. Remarkably, the lower
dose of ipilimumab combined with 3 mg/kg of nivolumab was
associated with a more favorable tolerability profile than the
TABLE 4 | Last results of Combi-D, Combi-V, CoBRIM, Columbus and Imspire 150 trial.

Combi-D (62) Combi-V (62) coBRIM (66) Columbus (67) Imspire 150 (68)

Treatment arm Dabrafenib + trametinib Dabrafenib + trametinib Vemurafenib + Cobimetinib Encorafenib + binimetinib Vemurafenib + Cobimetinib + Atezolizumab
Control arm Dabrafenib Vemurafenib Vemurafenib Encorafenib Vemurafenib Vemurafenib + cobimetinib
Last update 5 years 5 years 5 years 4 years 2 years
mPFS 11.1 11.1 12.6 14.9 15.1
PFS 17% 20% 14% 26% 43.5%
mOS 25.9 25.9 22.5 33.6 28.8
OS 32% 36% 31% 39% 76.7% (2 years)
ORR 68% 68% 68% 64% 66.3%
trAEs G3–4 54% 62% 60% 68% 79%
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higher dose (G3/5 toxicity of 34% in the ipilimumab 1 mg/kg
arm vs 48% in the ipilimumab 3 mg/kg arm; p=0.006). The two
regimens did not appear to differ in secondary efficacy endpoints.
The ipilimumab 3 mg/kg arm had a slightly numerically higher
objective response rate than the ipilimumab 1 mg/kg arm (50.6%
vs 45.6%), but median PFS and 12-month OS were perfectly
comparable in the two arms (71).

In a retrospective study, Da Silva et al. showed that patients
resistant to PD-1 monotherapy treated with combination
(ipilimumab plus anti-PD-1) had a RR of 31% versus
ipilimumab alone 12% (p<0.01), with a PFS and OS at 1 year
27% and 57%, respectively, versus 13% and 38% (p<0.01) (72).
OS at 18 months was 53% versus 25%, and mOS was 20.4 versus
8.8 months, respectively. In BRAF wild-type patients, RR was
higher with combinations versus ipilimumab alone (38% vs 9%,
p<0.01), while RR was similar, 19% versus 24% in BRAF-mutated
patients, respectively. AEs ≥3 was similar with combination
therapy (30%) or monotherapy (34%, p=0.48) and were not
associated with response (72).

In a phase II trial, combination therapy with low-dose
ipilimumab with pembrolizumab demonstrates marked
antitumor activity in patients with melanoma following PD on
a PD-1 antibody. Patients received pembrolizumab 200 mg
intravenously Q3W plus ipilimumab 1 mg/kg Q3W for 4
doses. Pembrolizumab was continued in monotherapy for up
to 2 years. The primary endpoint, RR, was 31%. Median PFS was
5.0 months (95% CI: 2.8–8.3) and median OS was 24.7 months
(95% CI: 15.2–undetermined). Grade 3–4 trAEs were reported in
15 (27%) of 70 patients enrolled in the study, the most common
being diarrhea, rash, and transaminase elevation (73).

Loco-Regional Treatment
Talimoneg laherparepvec (T-VEC), an oncolytic virus, was
evaluated in patients with advanced melanoma in a phase II
study in combination with ipilimumab versus ipilimumab alone.
A total of 38 patients (39%) in the combination arm and 18
patients (18%) in the ipilimumab arm had an odds ratio (OR: 2.9;
95% CI: 1.5–5.5; p=0.002). Responses comprise both injected and
visceral lesions; specifically, the latter decreased in 52% of patients
in the combination arm and 23% of patients in the ipilimumab
arm. More common AEs included fatigue, chills, and diarrhea.
The incidence of G ≥3 AEs was 45% and 35%, respectively (74). At
the interim analysis at 4 years (n=198), median follow-up was 48.3
months for combination and 35.7 months for ipilimumab alone.
DRR improved for combination versus monotherapy (33.7% vs
13.0%; OR: 3.4; 95% C: 1.7–7.0; p=0.001). Median PFS was 13.5
months with combination and 6.4 months with ipilimumab alone
(HR: 0.81; 95%Cl: 0.57–1.15; p=0.23). Median OS was not reached
for combination and was 50.1 months for ipilimumab (HR: 0.82;
95% CI: 0.54–1.25; p=0.36). In a subgroup analysis, patients
without the BRAF V600 mutation receiving the combination
therapy showed improved DRR and PFS (DRR: 33.9% vs 5.0%;
median PFS: 18.0 vs 4.5 months); DRR in BRAF V600 mutation-
positive patients were similar between arms (34.3% vs 26.5%;
mPFS: 4.2 months vs 6.4 months). No additional safety signals
were observed in follow-up (75).
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In the Masterkey 265 phase Ib trial, T-VEC was evaluated in
combination with pembrolizumab in patients with unresectable
stage IIIB/IVM1c melanoma (76). The CR rate was 43%. In total,
12/13 responders (92.3%) were still in response, including all
nine patients with a CR. Kaplan–Meier estimates of 4-year PFS
and OS rates were 55.9% and 71.4%, respectively. Patients who
achieved a CR or PR had better OS (p=0.0056) compared with
those who did not respond. Median OS was not reached for
responders and was 24.4 months for non-responders (77).

Tilsotolimod (IMO 2125), a synthetic Toll-like receptor 9
agonist (TLR9) oligonucleotide, changes the tumor
microenvironment by acting on dendritic cells and macrophages
and is being evaluated in multiple solid tumors. Type 1 IFN
responses induced by local drugs determine in both injected and
non-injected lesions an increased downstream T-cell activation and
proliferation and antigen presentation (78). ILLUMINATE-204 is a
phase I/II trial in patients with advanced melanoma refractory to
anti-PD-1 therapy of intratumoral tilsotolimod in combination with
ipilimumab (79). In 49 patients with anti-PD-1 refractory
melanoma and evaluable for efficacy, investigators reported ORR
of 22% with 71% DCR, mOS was 21 months, the median duration
of response (mDOR) was 11.4 months. Tumor reduction was
observed in both injected and noninjected tumors. trAEs of G3/4
were reported in 48% of patients, the most common serious trAEs
were autoimmune hepatitis, hyponatremia, and hypophysitis (80).

In a phase III trial, ILLUMINATE 301, tilsotolimod at a dosage
of 8 mg in combination with ipilimumab was well tolerated and
showed durable and substantial clinical benefit (NCT02644967).

SD-101, a TLR-9 agonist, was assessed in a phase Ib/II study,
at multiple doses injected in a single tumor in combination with
pembrolizumab in patients with advanced melanoma naïve to
anti-PD-1 treatment (81). This combination showed promising
response rates compared with those expected with
pembrolizumab alone. Frequently observed G ≥3 trAEs were
myalgia 9%, headache 9%, fatigue 9%, chills 7%, and malaise 5%
(81). ORR in the 2 mg group was 71% (95% CI: 57–82; CR: 13%)
and in the 8 mg group was 49% (95% CI: 33–65; CR: 7%) with
responses in both injected and non-injected lesions, including
visceral. PFS was higher in the 2 mg group with median PFS in 2
mg not reached, in the 8 mg arm PFS was 10.4 months. The 6-
month PFS and OS rates were 81% and 98% in the 2 mg arm and
60% and 92% in the 8 mg arm, respectively (81).

Findings from a phase Ib trial studying the intratumoral TLR9
antagonist CMP-001 were presented at SITC 2019. This agent
pushes tumor-associated plasmacytoid dendritic cells to produce
interferon and has been shown to produce durable responses when
administrated in combination with pembrolizumab for patients
with PD-1-resistant metastatic melanoma (82). The best ORR in
patients treated with pembrolizumab and CMP-001 was 23.5%,
while CMP-001 alone resulted in a lower ORR of 11.5%.
Intratumoral CMP-001 was well-tolerated and provided both
local and distant responses in patients with advanced melanoma
reporting disease progression on prior PD-1 blockade. CMP-001
monotherapy induced systemic tumor regression in some patients,
but the duration of response was substantially increased by the
addition of pembrolizumab (83).
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Electroporated plasmid IL-12 (TAVO or tavokinogene
telseplasmid) is a novel immuno-modulating intratumoral
therapy, which delivers IL-12 into the tumor microenvironment;
it has been shown to synergize with anti-PD-1 antibodies in patients
progressed to anti-PD-1. Although the IL-12/IFN-g axis is usually
not active in advanced melanoma, intratumoral electroporation of
pIL-12 can recover this axis, favoring anti-PD-1 immunotherapy
activity in patients unresponsive to anti-PD-1 treatment (84, 85).

KEYNOTE 695 is a phase II trial evaluating the combination
of plasmid IL-12 (TAVO) with pembrolizumab in patients with
advanced melanoma refractory to PD-1 treatment. Results
showed that the combination is associated with an ORR of
30% (95% CI: 18.0–43.6%), with 6% of patients achieving a
CR. In patients with M1c/M1d disease, the ORR was slightly
higher (35.3%). Patients who had previously received treatment
with ipilimumab showed the highest ORR with the treatment
(40%). The median DOR was 12.2 months (95% CI: 5.6–not
evaluable). The most common trAEs were fatigue (26.8%),
procedural pain (23.2%), diarrhea (19.6%), nausea (10.7%),
and rash (10.7%). Three patients had grade 3 toxicities:
cellulitis, enteritis, and Lichen planus (86).

PVSRIPO is a novel immunotherapy consisting of a non-
neurovirulent poliovirus chimera that activates innate immunity
that is injected directly into tumors. The recombinant oncolytic
poliovirus is designed to infect antigen-presenting cells, such as
macrophages and dendritic cells that express CD155. The
poliovirus receptor is often expressed on malignant cells of
solid neoplasia, as well as in myeloid and endothelial cells.
This strategy was evaluated in a phase I trial in patients with
unresectable melanoma progressed after PD-1 and BRAF/MEK
therapy (if BRAF mutated). Two of four (50%) patients with in-
transit disease had pCR. At a median follow-up of 12 months,
50% (6/12) patients remained progression free. All AEs were of
G1/2 severity, with pruritis (50.0%) and erythema (33.3%) being
the most common trAEs. Around 33% of patients achieved a
response (87).

Triplet Therapy
Combinations of immunotherapy and targeted therapy in the
treatment of metastatic melanoma suggest even greater benefits
in survival than the two approaches alone. Data show that
patients who receive the triplet of anti PD-L1 plus MEK
inhibitor and BRAF inhibitor have a greater number of T cells
in the tumor environment (BRAF inhibitors can increase the
ability of T cells, triggered by immunotherapy, to penetrate
the tumor) (88). Indeed, targeted therapies could help prevent
the spread of cancer, while immunotherapy stimulates the
immune system to attack cancer cells.

The phase I/II KEYNOTE-022 (89) trial addressed the safety and
efficacy of dabrafenib and trametinib in combination with
pembrolizumab in untreated patients with unresectable or
metastatic BRAF-mutated melanoma. It could not meet its
primary endpoint of improved median PFS, although a trend to a
longer PFS with pembrolizumab (median PFS 16.0 months
compared to 10.3 months with placebo) was reported. An
updated analysis of KEYNOTE 022 at 24-month follow-up
showed the triplet potential as a treatment option for patients
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with BRAF-mutant advanced melanoma (90). 24-month PFS
rates were 41% with pembrolizumab versus 16.3% with placebo;
mOS was not reached with pembrolizumab versus 26.3 months
with placebo (HR: 0.64; 95% CI: 0.38–1.06). OS rates at 24 months
were 63.3% versus 51.7%, respectively (HR: 0.64). mDOR was 25.1
months in the pembrolizumab group versus 12.1 months in the
placebo group. G3–5 AEs occurred in 58.3% of the pembrolizumab
group versus 25% of the placebo group. The most common G3–5
trAEs were pyrexia (10.0% versus 3.3%), increased aspartate
aminotransferase (6.7% versus 3.3%), and increased g-glutamyl
transferase (6.7% versus 5.0%) (90).

TRIdent is a phase II trial of nivolumab in combination with
dabrafenib and trametinib in patients with metastatic melanoma
with BRAF mutations, refractory to ICI therapy, and in patients
with asymptomatic brain metastasis (91). Of the 27 patients, after
a median follow-up of 18 months, ORR was 92% (3 CR, 12%),
median PFS was 8.5 months, and mDOR was 5.8 months.
Around 78% of patients experienced G3–4 trAEs (92).

IMspire170 is a phase III, multicenter, open-label, randomized
study, which evaluated cobimetinib plus atezolizumab compared
with pembrolizumab in treatment-naive patients with advanced
BRAFV600 wild-type melanoma (NCT03273153). In the primary
analysis, with a median follow-up of 7 months, the combination
treatment did not significantly improve the primary endpoint of
median PFS compared with pembrolizumab (5.5 versus
5.7 months). ORR was 26% with cobimetinib plus atezolizumab
versus 32% with pembrolizumab; DCR was 46% versus 44%.
mOS was not reached in either arm (HR: 1.06; 95% CI: 0.69–
1.61). Grade ≥3 AEs occurred in 67% versus 33% of patients; AEs
lead to discontinuation of all treatments in 12% versus 6% (93).

COMBI-I is a randomized, double-blind, placebo-controlled,
phase III study comparing the combination of anti-PD-1
spartalizumab (PDR001) in combination with dabrafenib and
trametinib versus the combination of placebo with dabrafenib
and trametinib, in previously untreated patients with
unresectable or metastatic BRAFV600 mutation-positive
melanoma (94). This trial failed to meet the primary endpoint
of investigator-assessed PFS according to an update on the phase
III COMBI-i trial (95).
Emerging Pathways
Anti-LAG-3
Another immune checkpoint is the lymphocyte activation gene 3
(LAG3). It is a marker of T-cell exhaustion and negatively
regulates their functions.

Initial efficacy of anti-LAG-3 antibody in combination with
nivolumab in melanoma patients who progressed on or after
prior treatment with anti-PD-1/PD-L1 was reported in a phase I/
II trial, showing ORR of 16% and DCR of 45% (96). CA224-047
is a randomized phase II/III trial studying previously untreated
metastatic or unresectable melanoma the effects of relatlimab
(anti-LAG-3) in combination with nivolumab versus nivolumab
alone (NCT03470922). ORR is the primary endpoint for the
phase II component, while PFS is the primary endpoint for phase
III. Other endpoints include OS, DOR, DCR, safety, and
tolerability. The results are not yet available (97).
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A first-in-human phase I dose-finding study is evaluating the
antibody MK-4280 directed against LAG-3 both in combination
with pembrolizumab and as monotherapy for advanced solid
tumors (98).

IMP321 (eftilagimod alpha) may lead to stronger
antitumor CD8 T-cell responses compared to pembrolizumab
monotherapy thanks to the activation of the dendritic cell
network and the subsequent T-cell recruitment at the tumor
site. This is due to the fact that IMP321 is a LAG-3Ig fusion
protein, and, as an MHC class-II agonist, it activates antigen-
presenting cell and CD8 T cells. The TACTI-mel study is
evaluating the use of eftilagimod alpha. In this multicenter,
open-label, dose-escalation, phase I study there was an increase
in activated CD8 and CD4 T-cell counts. ORR was observed in
33% of patients refractory PD-1 and in 50% of anti-PD-1-naive
patients. The main AE was for reactions at the injection site and
there were no reports of dose-limiting toxicities (99).

HDAC-Inhibitors
The immune system can be modulated by an increase of antigen
expression on neoplastic cells and suppression of regulatory cells
such as myeloid-derived suppressor cells and regulatory T cells.
HDAC inhibitors can act on these two mechanisms and thus
contrast resistance to checkpoint inhibition (100).

Entinostat (ENT) is an oral class I-selective histone deacetylase
inhibitor. In the tumor microenvironment, it leads to the
downregulation of immunosuppressive cell types showing synergy
with anti-PD-1 inhibition in preclinical models (101). Encore-601 is
an open-label phase Ib/II study evaluating ENT in combination
with pembrolizumab in patients with recurrent or metastatic
melanoma who progressed on or after anti-PD-1 therapy. Of the
53 evaluable patients, nine had a PR and one had a CR, with an
ORR of 19% (95%CI: 9–32%).Median PFS was 4.2 months. At data
cutoff, the mDOR was 12.5 months. The most common G3–4 AEs
included neutropenia, fatigue, and hyponatremia (102).

Tucidinostat (HBI-8000) was evaluated in a phase Ib/II study
in combination with nivolumab in patients with unresectable or
advanced melanoma who were anti PD-1-naïve. Themost common
trAEs included fatigue, diarrhea, abdominal pain, and lymphopenia.
The most frequent G ≥3 AEs were hypophosphatemia, neutropenia,
thrombocytopenia and lymphopenia. ORR was 74% among 31
patients (four CR and 19 PR), with five SD and three PD. The
median time to response was 1.9 months (103).

TIGIT
T-cell suppression, production, and activation, as well as tumor
cell immune evasion and the inhibition of antiviral immune
responses, can be regulated by immunomodulatory receptors,
such as TIGIT (104). The anti-TIGIT antibody MK-7684 was
studied in a multicenter phase I trial in combination with
pembrolizumab. It was used in 34 patients with advanced solid
tumors for whom standard treatment options had failed. The
ORR was 19%, and the DCR was 47%. AEs occurred in 53% of
monotherapy and 65% of combination therapy (105).

Multikinase Inhibitor
Lenvatinib (LEN) is a multikinase inhibitor of VEGFR 1−3,
FGFR 1−4, PDGFRa, RET, and KIT. In preclinical studies,
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LEN increased infiltration of CD8+ T-cell, decreased tumor-
associated macrophage populations, and improved inhibitor
activity of PD-1 (106). In a multicenter phase Ib/II trial, LEN
was evaluated in combination with pembrolizumab. ORR was
47.6% (95% CI: 25.7–70.2). mDOR was 12.5 months, mPFS was
7.6 months, PFS rate at 12 months was 38.3%. G3 trAEs occurred
in 62% of patients, with no fatal trAEs. Most common any-grade
trAEs were fatigue (52%), decreased appetite (48%), diarrhea
(48%), hypertension (48%), dysphonia (43%), and nausea
(43%) (107).

LEAP-004 is a phase III, single-arm, study in which patients
with unresectable stage III/IV melanoma who progressed on
anti-PD-1 treatments, received pembrolizumab plus lenvatinib.
At a median follow-up of 12 months, the ORR was 21.4%, and
43.7% of patients achieved SD. In patients previously treated
with anti-CTLA-4 plus anti-PD-1/PD-L1, the ORR was 31%. The
mDOR was 6.3 months, with 72.6% of patients still responding at
6 months. mPFS was 4.2 months, and at 9 months the PFS rate
was 26.2%. mOS was 13.9 months, with 65.4% of patients alive at
9 months. G ≥3 was reported in 44.7%, moving to treatment
discontinuation in 7.8%. The most common AEs were
hypertension (56.3%), diarrhea (35.9%), nausea (34.0%), and
hypothyroidism (33.0%) (108).

IDO
Indoleamine 2,3 dioxygenase-1 (IDO) is an enzyme that when
overexpressed in the tumor microenvironment makes it
immunosuppressive. There are some preclinical data showing
that inhibition of IDO leads to a more immunogenic tumor
microenvironment (109, 110).

Inhibition of the IDO-1 enzyme can be achieved with a
specific and potent oral inhibitor, such as epacadostat (111),
which is being evaluated in combination with ant-PD-1 in
multiple tumors type. The open-label phase I/II trial (ECHO-
202/KEYNOTE-037) studying epacadostat plus pembrolizumab
in patients with advanced melanoma showed promising anti-
tumor activity. A total of 64 patients were enrolled in this trial.
The ORR was 56% (CR: 14%), and the DCR was 71%. mPFS was
12.4 months, and 18-month PFS was 49%. Among treatment-
naïve patients with advanced disease treated with 100 mg of
epacadostat, ORR was 58% (CR 8%), and the DCR was 74%.
Epacadostat plus pembrolizumab showed a favorable safety
profile, with a 20% incidence of related G3/4 toxicity (112).
Similarly, in the open-label phase I/II ECHO-204 study of
patients with advanced solid tumors, epacadostat plus
nivolumab was well tolerated and showed promising activity.
In the 30 patients with advanced melanoma not previously
treated, eight patients were treated with epacadostat 100 mg
and 22 with 300 mg. In the first group, ORR was 75% and DCR
was 100%. Preliminary DCR in the group treated with
epacadostat 300 mg was 64% (113). After a median follow-up
of 417 days, ORR was 62% and DCR was 78%. In treatment-
naive patients, ORR was 65% and DCR was 80%; PFS at 6 and 12
months was 77% and 63%, respectively (median not reached);
and the OS at 12 months was 92% (median not reached). More
frequently reported grade ≥3 trAEs were present in 48% in
patients treated with high dose (300 mg) versus 13% in
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patients treated with low dose (100mg), the most common G ≥3
were rash and ALT increase. Eight patients in the arm treated
with 300 mg discontinued treatment due to trAEs. There were no
AE-related deaths (114).

The phase III ECHO/KEYNOTE-252 evaluated epacadostat
plus pembrolizumab versus permbolizumab alone. However, no
improvement in PFS and OS in unresectable stage III/IV
melanoma was reported and the study was stopped after the
second interim analysis with a median follow-up of 12.4 months.
mPFS was 4.7 months in the combination group versus 4.9
months in the pembrolizumab group (HR: 1.00, p=0.52). mOS
was not reached in either group. No differences in outcome were
observed regarding to PD-L1, IDO1, or BRAF mutation
status (115).

Pegylated IL-2
A CD122-preferential IL-2 pathway agonist, such as
mempegaldesleukin (BemPEG; NKTR-214), is able to increase
T-cell clonality, PD-1 expression, and tumor-infiltrating
lymphocytes (116). Furthermore, adding BemPEG to
nivolumab can convert baseline tumors from PD-L1 negative
to PD-L1 positive (117).

In the PIVOT-02 phase I/II trial, patients with previously
untreated metastatic melanoma were treated with the
combination of BemPEG plus nivolumab (118). At a median
follow-up of 18.6 months, the ORR was 53% (CR 34%). At a
median follow-up of 29months, mPFS for the entire cohort of 30.9
months (95% CI: 5.3–not estimable), and OS was not reached
(119). Responses were not dependent upon PD-L1 expression at
baseline. On-treatment biomarkers (CD8+ and eosinophils)
predicted response to the combination, well before radiographic
evidence. The most common G1/2 trAEs were flu-like symptoms
(80.5%), rash (70.7%), fatigue (65.9%), pruritus (48.8%), nausea
(46.3%), arthralgia (43.9%), decreased appetite (36.6%), and
myalgia (36.6%). Registrational phase III trials evaluating
BemPEG plus nivolumab are enrolling subjects in first-line
metastatic melanoma treatment (CA045-001; NCT03635983).

New Engineered CTLA-4 Antibodies
MGD019 is a bispecific, Fc-bearing (IgG4) DART (dual-affinity
re-targeting antibody) molecule that blocks PD-1 and CTLA-4
and shows higher activity on dual PD-1/CTLA-4-expressing
cells. T-cell responses in vitro can be improved by MGD019 to
levels reached by a combination of nivolumab and ipilimumab.
This drug was evaluated in a phase I trial in patients with
advanced solid tumors, demonstrating an acceptable safety
profile and encouraging early evidence of anti-tumor activity.
trAEs occurred in 78.8% of patients, most commonly fatigue,
nausea, arthralgia, pruritus, and rash (120).

Ipilimumab non-fucosylate (NF) and ipilimumab–probody
are two engineered CTLA-4 derivatives being evaluated plus
nivolumab versus nivolumab alone in phase I/II trial in advanced
solid cancers (NCT03994601 and NCT03369223).

STING Pathway
The Sting pathway has been recognized as a major stimulator of
dendritic cells (121). A phase I dose-escalation and dose-
expansion clinical trial in patients with advanced, metastatic
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treatment-refractory solid tumors was designed to evaluate
the safety, tolerability, and clinical activity of the novel
stimulator of IFN genes (STING) pathway ADU-S100.
The most common trAEs were pyrexia, injection site pain,
diarrhea, and headache. The combination of ADU-S100 and
spartalizumab demonstrated antitumor activity in anti-PD-1-
naïve triple-negative breast cancer and in melanoma formerly
treated with immunotherapy; among the 25 melanoma patients
radiologically evaluable for efficacy, two previously
immunotherapy-treated melanoma patients achieved PR
(NCT0317293). Following administration, a rise in systemic
cytokines including MCP-1, IFN-b, and IL-6 were observed.
This indicates target engagement of ADU-S100 and activation of
the STING pathway. In a subset of patients, a rise in CD8+ T cells
in injected tumors was observed in on-treatment tumor
biopsies (122).

T-Cell Therapy
T-cell therapies, such as tumor-infiltrating lymphocyte (TIL)
therapy, T-cell receptor (TCR) therapy, and CAR T-cell therapy,
which have shown preliminary signals of activity, are ready to
have an important impact in metastatic melanoma.

TIL. The TIL therapy being studied in an investigational
immunotherapy study is named lifileucel (LN-144). The adoptive
cell transfer therapy used in this study involves patients receiving
a lymphocyte depleting preconditioning regimen, prior to infu-
sion of autologous TIL, followed by the administration of IL-2.
C-144-01 is a multicenter phase II study that evaluated the effi-
cacy and safety of lifileucel in patients with metastatic melanoma
who received at least one prior systemic therapy including an ICI
and a BRAF inhibitor (if BRAF mutated). There were four
cohorts in the study in which patients received different forms
TIL therapy. In cohort 4, which received second-generation
cryopreserved TILs, at a median follow-up of 5.3 months, the
ORR observed was 32.4%. The DCR was 72.1% (123). Findings
from cohort 4 were consistent with those reported in cohort 2,
which received cryopreserved TILs. The investigator-assessed
ORR for cohort 2 was 36.4% after a median follow-up of 18.7
months, the DCR was 80.3%, and responses occurred regardless
of the location of the resected tumor (124). The most common
any-grade AEs observed were thrombocytopenia (89.4%), chills
(80.3%), and anemia (68.2%). The most common G3/4 AEs were
thrombocytopenia (81.8%), anemia (56.1%) and febrile
neutropenia (54.5%). Lifileucel is likely to be approved by the
FDA and will likely become part of standard practice in the
future.

TCR. A different approach in cancer treatment is the use of
therapies exploiting genetically modified T-cells, such as T-cell
receptor–engineered T-cell therapy and chimeric antigen
receptor T-cell therapy, melanoma antigen recognized by T cells
(MART-1), tyrosinase, and glycoprotein (gp100), as well as most
antigens, are primarily found in normal melanocytes and mela-
nomas (125, 126).

The melanoma antigene gp100 can be targeted with the first-
in-class bispecific fusion protein tebentafusp; this happens
through a high-affinity T-cell receptor (TCR) binding domain
June 2021 | Volume 11 | Article 670726
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and an anti-CD3 T-cell engaging domain, redirecting T cells to
kill tumor cells that express gp100. It is being evaluated in a
phase I/II trial in metastatic melanoma. Tebentafusp was
generally well-tolerated and active in both patients with
metastatic uveal melanoma and patients with metastatic
cutaneous melanoma. Patients in both cohorts achieved a 1-
year OS rate of 65%. Cytokine measurements during treatment
were consistent with the induction of markers related with IFN-g
pathway in the tumor and periphery (127). A high-affinity
MART-1-specific TCR for TCR gene therapy in metastatic
melanoma was evaluated in a phase I trial in patients with
metastatic melanoma (128).

A phase II trial of lymphodepleting chemotherapy followed
by autologous TILs ± dendritic cells vaccine and high-dose IL-2
for patients with metastatic melanoma is ongoing (129). Patients
were randomized to receive TIL alone or TIL plus dendritic cells
pulsed with MART-1 peptide. In this trial, also patients with
brain metastasis were included (56%). Treatments were well
tolerated with no G5 AEs. There were no toxicities conferred
by the dendritic cell vaccination. The ORR was 63% (5/8) in
TIL + dendritic cell arm (one CR, four PR) and 40% (4/10) in TIL
arm alone (one CR, three PR; P=0.64). There was no difference in
survival between the arms. The median PFS was 3.6 months in
the TIL arm and 7.2 months in the TIL+ dendritic cell arm, while
the median OS was 4.1 years in the TIL arm and 2 years in the
TIL + dendritic cell arm (130).
CONCLUSION

Metastatic melanoma has long been recognized as an
immunologically affected tumor refractory to cytotoxic
chemotherapy. With better characterization and understanding
of the complex pathophysiology of the melanoma, the past
decade has seen the progress of multiple therapies: checkpoint
inhibitors and targeted therapy radically changed the prognosis
of melanoma. These agents transformed the treatment of
metastatic melanoma, demonstrating efficacy in a significant
percentage of patients. However, what we have learned over
the years is that not all patients can achieve the same benefit; in
fact, if 50% of patients can be considered to be cured, there are
always 50% who continue to not respond to the treatments
available or develop resistance leading to tumor progression.
Novel strategies are needed to further advance the standard of
care, the immediate challenge is therefore to try to understand
the resistance mechanisms, both primary and secondary, which
prevents about 50% of patients from benefiting from these
treatments, in order to increase the effectiveness of the drugs
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available by evaluating innovative approaches with the
combination of different molecules. Novel targeted agents,
particularly targeted immunotherapy, have shown great
promise . The impress ive resul ts seen for targeted
immunotherapy, as well as their potential use in combination
regimens due to a tolerable side-effect profile, suggest many
promising new paths for advancing the standard of care in
refractory melanoma. The main pathways and molecules
under study are investigated in this review: IDO inhibitor,
TLR9 agonist, STING, oncolytic viruses, LAG-3, HDAC
inhibitors, pegylated IL-2 (there are currently about 3000 trials
that are evaluating immunotherapeutic combinations in
different tumors). An additional emerging and very promising
immune treatment is the adoptive T-cell therapy, which consists
of TILs, engineered TCR therapy, and CAR-T. The goal of these
treatments is to improve the cytotoxicity of cytotoxic T cells, to
enhance tumor regression. TILs therapy requires the isolation of
tumor-infiltrating lymphocytes from the tumors, expansion
by IL-2 treatment, and reinfused into the patients with
additional IL-2 treatment. TIL therapy in metastatic melanoma
patients showed ORR ≥50%, with 22% of complete remission
(131, 132). In the next few years, the possibility of treating
melanoma patients at an early stage (i.e., in an adjuvant and
neoadjuvant context) with the presence of new combinations in
patients who are refractory to first-line therapies in the
metastatic setting, may increase the percentage of patients who
can be cured.
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