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Heterogeneity in Melanoma

Batool Shannan, Michela Perego, Rajasekharan Somasundaram
and Meenhard Herlyn

Abstract
Melanoma is among the most aggressive and therapy-resistant human cancers.
While great strides in therapy have generated enthusiasm, many challenges
remain. Heterogeneity is the most pressing issue for all types of therapy. This
chapter summarizes the clinical classification of melanoma, of which the
research community now adds additional layers of classifications for better
diagnosis and prediction of therapy response. As the search for new biomarkers
increases, we expect that biomarker analyses will be essential for all clinical
trials to better select patient populations for optimal therapy. While individu-
alized therapy that is based on extensive biomarker analyses is an option, we
expect in the future genetic and biologic biomarkers will allow grouping of
melanomas in such a way that we can predict therapy outcome. At this time,
tumor heterogeneity continues to be the major challenge leading inevitably to
relapse. To address heterogeneity therapeutically, we need to develop complex
therapies that eliminate the bulk of the tumor and, at the same time, the critical
subpopulations.
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Abbreviations
ABCB5 ATP-binding cassette subfamily B5
AKT V-akt murine thymoma viral oncogene homolog
ALCAM Activated leukocyte cell adhesion molecule
ALDH1 Aldehyde dehydrogenase 1
ARID1A AT-rich interactive domain-containing protein 1A
BRAF V-raf murine sarcoma viral oncogene homolog B1
CD Cluster differentiation
CDK Cyclin-dependent Kinase
CDKN2A Cyclin-dependent kinase inhibitor 2A
ERK Extracellular signal-regulated kinase
Fbxw-7 F-box/WD repeat-containing protein 7
gp100 Glycoprotein 100
HGF Hepatocyte growth factor
IGF Insulin-like growth factor
JARID1B Jumonji/ARID1 (JARID1) histone 3 K4 (H3K4)

demethylases
Kit C-kit tyrosine kinase receptor
MAPK Mitogen-activated protein kinase
MART-1/Melan-A Melanoma antigen recognized by T cells-1/melanoma

antigen A
MCAM Melanoma cell adhesion molecule
MEK MAPK/ERK Kinase
MITF Microphthalmia-associated transcription factor
mTOR Mammalian target of Rapamycin
NF Neurofibromatosis
NGF Nerve growth factor
NGFR Nerve growth factor receptor
NRAS Neuroblastoma RAS viral (v-ras) oncogene homolog
PI3K Phosphoinositide-3 Kinase
PTEN Phosphatase and tensin homolog
Rac1 Ras-related C3 botulinum toxin substrate-1
RAF RAS viral (v-raf) oncogene homolog
RAS RAS viral (v-ras) oncogene homolog
SCF Stem cell factor
SEER Surveillance, epidemiology, end results
TGF-β Transforming growth factor beta
TICs Tumor-initiating cells
TME Tumor microenvironment
TNF Tumor necrosis factor
TP53 Tumor protein p53
UV Ultraviolet
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1 Introduction

Melanoma is the most aggressive form of skin cancer and incidences continue to rise
worldwide. According to the American Cancer Society, an estimated 76,100 new
cases of melanoma will be diagnosed in the USA and 9710 people are expected to
die of metastatic disease [48]. SEER data indicate the prevalence of melanoma in the
older age group, particularly men over the age of 65. However, in recent years,
young adults, particularly women between the ages of 25–39 years, have pro-
nounced increases in incidence rates, often with severe outcomes [4, 39, 71].
Although intense intermittent sun exposure is a major risk factor for melanoma,
family history of melanoma, genetic susceptibility, environmental factors, and
immunosuppression are some of the other factors that influence incidence rates [48].

Efforts are underway to understand the biology of melanoma heterogeneity to
better design strategies for more precise choices for targeting. In this chapter, we
review clinical and genetic profiles in melanoma and discuss heterogeneity as one
of the most significant causes for cancer therapy resistance.

2 Clinical and Molecular Classification of Melanoma

Clinical and histological classifications of melanoma have been extensively
described (Fig. 1a, b). When dividing melanomas into those derived from cells
within epithelia, there are four categories: (1) lentigo and desmoplastic melanomas
(from areas on the head and neck with high ultraviolet (UV) exposure); (2) low UV
exposure areas (gives rise to superficial spreading and spitzoid melanomas which
also includes non-malignant lesions such as acquired and dysplastic nevi, Spitz
nevi, and atypical Spitz tumors); (3) mucosal melanomas (those of the genital
track); and (4) lesions of palms, soles, and nails giving rise to acral melanomas
(Fig. 1a). Melanomas arising in areas outside of epithelia represent the second
major group. The group is comprised of melanomas in the eye and internal organs
such as the gut (Fig. 1b). Dermis-derived melanomas in the skin include blue
nevus-like melanomas and those arising within congenital nevi. It is speculated that
this latter group of lesions arise from neural crest-like stem cells in the dermis [70],
but experimental proof has yet to be determined. Alternatively, findings in other
cancers such as leukemia/lymphoma, breast cancer, or various brain tumors suggest
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Fig. 1 Clinical grouping of melanoma. There are distinct patterns of clinical appearances of
melanoma that led to the distinction of the histogenetic types in the first classification system in
1973. aMelanomas arising from epithelium-associated melanocytes. The relationship between sun
exposure and melanoma has been established for decades (high UV melanoma); however, it was
later discovered that melanomas can also occur in areas that are well-protected from UV exposure
(low UV, mucosal, and palm/sole/nail melanomas). b Melanomas arising from non-epithelium-
associated melanocytes. These melanomas fall into the categories of intradermal melanocytic
neoplasms (blue nevi, uveal melanoma). These types of melanoma harbor mutations of G protein
alpha subunits of Gq family. These mutations are virtually absent from epithelium-associated
melanocytes. Melanocytomas are neoplasms of the central nervous system and they closely
resemble blue nevi. However, they can pose differential problems to melanoma metastases
diagnosis. CSD chronic sun damage. Adapted from Bastian [4]
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that most, if not all, tumors arise from the respective stem cell populations. In
human skin, there are two populations of neural crest-like stem cells, one in the
dermis [28] and the other in the bulge region of the hair follicle [68]. Each stem cell
can differentiate into multiple cell types including neuronal cells, melanocytes,
smooth muscle cells, adipocytes, chondrocytes, osteoblasts, or Schwann cells [28].
Which of the two stem cells is more important in melanoma development is not
clear, although there is a general lack of clinical and pathological information on
melanomas arising from hair follicles. Interestingly, melanocytes can dedifferentiate
to neural crest-like stem cells when Notch signaling is activated [42] suggesting a
fluid transition from one state of cellular differentiation to the other, making it very
difficult to trace the origin of melanomas. As tumors become more aggressive, they
often lose their pigmentation markers and dedifferentiate acquiring stem cell fea-
tures, which make them more resistant to therapy.

The clinical classifications are the results of long-standing observations. They
have been critical in making therapy decisions, although their usefulness as guides
has been controversial. For practicing oncologists, a distinction between benign and
malignant has been most critical, with intermediate stages generating controversial
discussions, some of which have been ongoing for decades without a clear reso-
lution. One major reason for this is that any suspected lesion is surgically removed
for extensive diagnostic evaluation. Thus, follow-up of existing lesions has rarely
been done, leading to considerable variations in risk estimates for dysplastic nevi,
as well as biologically early melanomas that progress to aggressive tumors. Genetic
analyses of melanocytic lesions have for the first time allowed a more detailed
classification, but such new classifications are at an early stage as we know of very
few drivers in the disease. Still, the first genetic analyses are becoming routine in
making clinical decisions for melanoma therapy.

It is important to discuss the major mutations in melanoma and their affected
pathways, while acknowledging that of all human cancers, melanomas carry the
most mutations, generally more than 10 per Mb with lung cancer following as the
second most non-euploid tumor [33]. The mitogen-activated protein kinase
(MAPK) pathway is one of the major signaling cascades involved in the control of
cell growth and migration. The RAS/RAF/MEK/ERK pathway regulates cell
properties downstream of tyrosine kinase receptors and heterodimeric G
protein-coupled receptors. Melanomas are addicted to MAPK activation, regardless
of whether or not tumors carry mutations in genes coding for proteins in this
pathway. In normal melanocytes, the pathway is activated by growth factors/ligands
such as stem cell factor (SCF), fibroblast growth factor, and hepatocyte growth
factor (HGF). In melanoma, the same growth factors (except SCF) are produced for
autocrine stimulation. Most important for melanoma cells is the constitutive acti-
vation of the MAPK pathway through activating mutations of BRAF (*50 % of
melanomas) or NRAS (20–25 % of mutations; Fig. 2). This allows cells to vig-
orously grow, even in the absence of ligand. For example, the V600E mutation in
BRAF upregulates the pathway 800-fold when compared to the inactive forms [63].
Mutations in BRAF can already occur in nevi, but they generally lead to the
induction of senescence because cells are unable to cope with such tremendous
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activation stress. NRAS mutations activate the pathway similarly to BRAFV600E.
Those two genes are the most important drivers in melanoma, representing over
70 % of all melanomas because both mutations never occur in the same cell to
avoid overdrive. However, they are not the only drivers in a given tumor as other
codrivers are required for malignant transformation, including those for overcoming
induced senescence. Such codrivers are likely highly heterogeneous, and we only
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Fig. 2 Genetic mutations in melanoma. A landscape of the most frequently mutated driver
mutations in melanoma. Genetic analyses have found that mutations in specific pathways are more
prevalent in some melanoma subtypes than others. Moreover, whole-exome sequencing has
enabled the discovery of several new melanoma genes with functionally consequential (and
probably actionable) mutations, and the identification of many driver mutations directly attributed
to UV mutagenesis
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know of a few (Fig. 2). Thus, codrivers can be oncogenes (CDK4, Cyclin D1) or
inactivation of tumor suppressor genes (phosphatase and tensin homolog [PTEN]).
Likely, cells carry more than one codriver, but their real number remains uncertain
and will only be better understood in years to come. Gaining this knowledge is
important because each codriver will likely constitutively activate additional
pathways, which will require specific targeting for therapy.

Microphthalmia-associated transcription factor (MITF), a master regulator of
melanocyte development, has different regulatory functions that are associated with
the level of MITF protein expression. High levels of MITF protein exert an
anti-proliferative activity by predisposing cells to cell cycle arrest and differentia-
tion through cell cycle regulators (CDk2, p21, p16). Low levels of MITF can also
lead to cell cycle arrest. PI3K and AKT mutations are relatively rare in melanomas,
whereas those for the tumor suppressor PTEN, which negatively regulates the
PI3K/AKT pathways, are more common. Many growth factors, such as IGF-1, also
signal through PI3K/AKT leading to constitutive activation of the pathways in
most, if not all, melanomas. Thus, therapy strategies in melanoma often involve
targeting the PI3K pathway; however, the results are mixed. Inhibition of the
pathway as a sole therapeutic strategy is insufficient. In all likelihood, a combi-
nation of MAPK inhibition (BRAF, MEK, or ERK targeting) together with
PI3K/AKT/mTOR inhibition is most likely to succeed. Lastly, p53 plays an
important role in suppressing progression of benign nevi to melanoma [59, 60]. The
frequency of p53 mutations in melanoma is low (<10 %); however, p53 is not fully
functional in many melanomas through yet-to-be-clarified mechanisms.

At this time, it is too early to develop a genetic classification of melanoma except
the broad distinction between BRAF/NRAS/KIT mutant and wild-type
(triple-negative) melanomas. Both groups will require major subdivisions to take
into account the drivers/codrivers. The more detailed we can group the different
melanomas, the better we can target the constitutively activated pathways at the
same time, i.e., at the beginning of therapy and not just after resistance to the first
drugs has developed. Our goal will be to hit the melanomas early and hard while
taking into account the intratumoral heterogeneity that may be present. In the
following section, we will briefly summarize the major findings in intratumor
heterogeneity at the genetic level.

3 Genetic Heterogeneity in Melanoma

Intratumor genetic heterogeneity between both individual melanoma biopsies and
spatially and temporarily parted biopsies of the same tumor has been documented
[13, 66]. Such intratumor heterogeneity is not unique to melanoma and has been
documented in a variety of human tumors including brain tumors [37, 40, 56], and
cancers of the head and neck [35], kidney [16], thyroid [62], pancreas [9], breast
[12], lung [61], and esophagus [32], as well as in some non-solid cancers [1, 13,
21]. In melanoma, it was possible to isolate single cells of BRAF V600E/wt-NRAS
and wt-BRAF/NRASQ16R genotypes from the same lesion [53]. Also, BRAF

Heterogeneity in Melanoma 7



genotyping from single melanoma cells showed heterogeneity between primary and
metastatic lesions [29], or among metastatic lesions [30, 64, 67], raising the
question of whether intratumor heterogeneity determines the efficacy of
BRAFV600E-targeted therapies. In other studies, the presence of two different
NRAS mutations (Q61K and Q61R) was found coexisting within the same meta-
static lesion after therapy failure [36]. Considerable heterogeneity is also observed
in relapsed tumors after BRAF inhibitor therapy. Shi et al. [54] developed a genetic
tree, in which different metastases of the same patients could be traced according to
the genetic profile of oncogenes and tumor suppressor genes.

4 Biological Heterogeneity in Melanoma

It is well documented that melanomas express heterogeneously tumor-associated
antigens such as gp100 and melanoma antigen recognized by T cells-1 (MART-1;
Fig. 3). Cells not expressing MART-1 and gp100 escape immune surveillance,
which may explain past failures in passive and active immunotherapies [55]. MITF
expression also varies within lesions and is inversely correlated to the differentia-
tion status of melanoma cells with those expressing low MITF levels displaying a
more undifferentiated phenotype [3, 8]. Intriguingly, melanoma cells can dynami-
cally switch between a differentiated and undifferentiated state similar to the
dynamic changes in epithelial cancers, such as head and neck squamous cell car-
cinoma, which switch between epithelial and mesenchymal phenotypes. Tumor cell
subpopulations, initially characterized as tumor stem cells with tumor-initiating or
tumor-maintaining properties, have been described for most human tumors,
including melanomas. Table 1 summarizes the tumor subpopulations in melanoma,
with a brief description of their phenotypic and biological characterization. Mela-
noma subpopulations are found across distinct patient samples, and the same
markers identify a small percentage of cells in different patients (Fig. 3, bottom row,
Fig. 4). The causes of differences in expression patterns are still unclear but likely
not due to a hierarchical model of cancer stem cells. However, in melanoma,
differences in subpopulations follow a more stochastic pattern. Potentially, there is a
direct role of the tumor microenvironment (TME) in favoring the selection and
expansion of a specific subpopulation [10, 17, 19, 38, 47, 58]. Host TME factors,
including the presence of cytokines and growth factors secreted in the tumor milieu,
also contribute to dynamic phenotypic changes of tumor cells as reported for breast,
ovarian, and colon cancers [2, 23, 26, 52]. The role of growth factors and cytokines
in phenotypic changes of melanoma is not well delineated. Some reports suggested
a role of TNF-α, TGF-ß, and HGF in melanoma-targeted therapy resistance [18, 24,
25, 27, 57, 65] because they all change the phenotype of cells. Similarly, hypoxia
can profoundly change the quantity of melanoma subpopulations. Our own expe-
rience points to multiple factors that control phenotypic heterogeneity, some of
which may be active at the same time. Because of these dynamics and since every
single melanoma cell is tumorigenic [46], we have replaced the term melanoma
stem cells with melanoma-initiating cells. Our data support the earlier findings from

8 B. Shannan et al.



Gp100  MART-1 MITF

NGFR (CD271) Nestin ALCAM (CD166) 

Fig. 3 Melanoma intratumor heterogeneity. Immunohistochemistry analysis of human melanoma
xenografts. Melanoma xenografts display intratumor heterogeneity for gp100, MART-1, and
MITF expression. Similar heterogeneity can be observed for neural crest-associated markers
NGFR and Nestin and for ALCAM (CD166). Total magnification 400×

Table 1 Phenotypic characterization of melanoma subpopulations originally identified as
melanoma stem cells

Marker Biological role Melanoma

CD20 B cell marker Originally identified as melanoma stem
cell marker [14]; associated with
aggressive melanomas [5, 41, 51]

CD133 Transmembrane protein,
hematopoietic and fetal brain stem
cells, cancer stem cells

Tumor-initiating cells [34]; increased
expression on poorly differentiated
aggressive melanomas [22]

ABCB5 Intracellular and extracellular
transmembrane transport

Chemoresistant cells [50]; involved in
melanoma evasion of antitumor
immunity [49] and in shaping
vasculogenic mimicry supporting tumor
growth [15]

CD271 NGF receptor; neural crest-derived
tissues

Tumor-initiating cells [6]; correlation
with poor prognosis and metastatic
potential [11]

JARID1B Histone demethylase Slow-cycling TIC [46]; JARID1B+ cells
are sensitive to mitochondrial respiration
inhibition [47] and are sensitive to
radioimmunotherapy [20]

ALDH1 Aldehyde dehydrogenase Drug-resistant cells [7]; partially
confirmed in the studies of Prasmickaite
et al. [31, 43]

Heterogeneity in Melanoma 9



the Morrison group that single melanoma cells are capable of inducing tumors in
highly immunodeficient animals [44, 45]. The subpopulations are critical for tumor
maintenance as prolonged suppression decreases growth both in vitro and in vivo.
They are also most critical for therapy resistance and require direct targeting [47].
Therefore, we propose that two different strategies are required, one to eliminate the
bulk of the tumor and the other to target these minor, but biologically important
subpopulations.

5 Conclusions

Recent advances in molecular medicine have identified melanoma as a complex,
heterogeneous disease comprised of several distinct genotypes and phenotypes. The
issue of tumor heterogeneity has posed a significant challenge in the goal of curing
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Fig. 4 Melanoma subpopulations are differentially represented in melanoma specimens. CD20,
CD271 (NGFR), and CD133 biomarkers identify different subpopulation within melanoma
xenografts. These subpopulations can be absent or very small (left column), present at intermediate
(middle column) level or highly expressed (right column). Only live human cells isolated from
xenografts are considered for the analysis; on x-axis, the marker of interest is shown, and on the
y-axis, CD146 (MCAM) as a common marker. Percentages of CD146+ subpopulation cells are
provided in the upper right quadrant in each graph

10 B. Shannan et al.



melanoma as even recently identified targeted therapies fail to provide long-lasting
remission in patients. We have briefly summarized the current clinical knowledge
and major challenges in melanoma biology with the goal of identifying possible
causes of melanoma heterogeneity (Fig. 5). The primary tumor cells are exposed to
a variety of signals that all contribute to heterogeneity. Relapse during standard,
targeted, and immunotherapies is nearly inevitable; we have to learn to either
accommodate the heterogeneity with complex therapies or drive the malignant cells
into a phenotype that is more uniform and can be attacked with single therapies.
Additional studies are needed to better understand the mechanism leading to the
complex phenotypes in this malignancy. It will be necessary to investigate how the
TME harbors and protects selective tumor subpopulations during therapies. Hence,
understanding the complex nature of tumor cells with their microenvironment will
provide clues to design better therapies with the aim of achieving long-lasting cures.
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Abstract
The epidemiology of melanoma is complex, and individual risk depends on sun
exposure, host factors, and genetic factors, and in their interactions as well.
Sun exposure can be classified as intermittent, chronic, or cumulative (overall)
exposure, and each appears to have a different effect on type of melanoma. Other
environmental factors, such as chemical exposures—either through occupation,
atmosphere, or food—may increase risk for melanoma, and this area warrants
further study. Host factors that are well known to be important are the numbers
and types of nevi and the skin phenotype. Genetic factors are classified as
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high-penetrant genes, moderate-risk genes, or low-risk genetic polymorphisms.
Subtypes of tumors, such as BRAF-mutated tumors, have different risk factors as
well as different therapies. Prevention of melanoma has been attempted using
various strategies in specific subpopulations, but to date optimal interventions to
reduce incidence have not emerged.
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1 Epidemiology

1.1 Introduction

Melanoma incidence has increased dramatically over the last 50 years, rising from
8.2 to 9.4 cases per 100,000 population in 1975 (females and males, respectively),
age-adjusted, to approximately 24.2 and 35.4 per 100,000 in 2010 (females and
males, respectively), in the USA. Mortality has increased also, with a plateau
among females being reached recently, but with continued increase among males.
This chapter is designed to bring the most up-to-date and accurate knowledge about
the epidemiology of melanoma and current preventive practices. The focus is
mainly on risk factors with less attention to prevention because, surprisingly, there
is no clear path to melanoma prevention. Although reduction of intermittent sun
exposure seems the most logical way to prevent the disease, it has not produced
robust evidence of reduced incidence and mortality, even in Australia where the
most widely applied preventive work has been done over time. Clearly, there are
some things we have yet to learn about melanoma in order to reduce morbidity and
mortality from this lethal disease.

1.2 Risk Factors for Melanoma

1.2.1 Sun Exposure
Sun exposure is the major environmental cause of melanoma [111, 112]. The
proportion of melanoma attributed to sun exposure has been estimated to more than
90 % in Australia, Canada, Nordic countries, Switzerland, and the USA [5, 72, 98,
245] and between 78 and 90 % in several other European countries [5] including the
UK with a recent estimate of 86 % of melanoma due to sun exposure [192].

Our knowledge of the complex association between sun exposure and melanoma
comes mainly from case-control and cohort epidemiological studies. The geo-
graphic distribution of melanoma and the results of migration studies also provide
evidence for the importance of ambient sun exposure [90].

Measurements of individual exposure vary between studies but are commonly
classified as intermittent (short, intense sun exposure through activities such as
sunbathing, outdoor recreations, and holidays in sunny climates), chronic (more
continuous, primarily occupational exposure), and total sun exposure (the sum of
intermittent and chronic exposure). Several case-control and cohort studies have
investigated the association between individual sun exposure and melanoma risk.
Meta-analyses of these studies show consistent results [65, 75, 76, 178] that con-
tinue to be supported by the results of studies published after the meta-analyses
were undertaken [112]. There is strong evidence that an intermittent pattern of sun
exposure increases melanoma risk. Chronic sun exposure shows no association, or a
weak inverse association with melanoma risk. Total lifetime sun exposure is pos-
itively associated with melanoma risk, but the relationship is weaker than that for
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intermittent sun exposure. Sunburn is a marker of an intermittent pattern of sun
exposure, and there is a tendency for greater consistency of positive associations for
sunburn than for intermittent exposure. The summary relative risks (RR) and 95 %
confidence intervals (95 % CI) for highest versus lowest category of exposure in
meta-analyses of more than 50 studies were RR 2.0 (95 % CI 1.7–2.4) for sunburn,
RR 1.6 (95 % CI 1.3–2.0) for intermittent, RR 1.0 (95 % CI 0.9–1.0) for chronic,
and RR 1.3 (95 % CI 1.0–1.8) for total sun exposure [75, 76]. Moreover, signifi-
cantly higher risk was found for intermittent than chronic exposure among studies
that published results for both exposures, RR 1.5 (95 % CI 1.2–1.8) and RR 1.1
(95 % CI 0.9–1.4), respectively.

The weak association with chronic sun exposure may be due to its promotion of
epithelial thickening and this together with a tanning effect may offer a modest
protection against later exposure to solar radiation. Some of the studies of chronic
sun exposure reported risk estimates below 1.00 [75, 76], but these results should
not be interpreted as a protective effect. Chronic exposure is mainly occupational
exposure for outdoor workers, and in studies of the different types of sun exposure,
the reference categories may have consisted of individuals with high intermittent
exposure together with individuals with low sun exposure, thereby artifactually
producing low-risk ratios in those with high chronic exposure [90]. A recent
analysis of two large case-control studies found no association between occupa-
tional exposure and melanoma risk and no indication of confounding by recrea-
tional exposure [236]. Importantly, the presence of solar keratoses, a marker of high
cumulative sun exposure, is consistently positively associated with melanoma risk
[90, 186].

Melanoma risk differs not only by pattern of sun exposure, but also by body site,
age, and phenotype of the host (Sect. 1.2.3). This indicates that melanoma may arise
through multiple causal pathways [241]. Head and neck melanomas have been
linked to chronic sun exposure, with older age at diagnosis and melanoma on the
trunk and limbs to younger ages and intermittent exposure. Notably, the available
evidence suggests that sun exposure can cause melanoma on all body sites, but risks
tend to be higher for usually sun-exposed sites than occasionally exposed sites
[47, 90]. For sunburn, strong positive associations have been found at all body sites
(head/neck, trunk, arms, and legs) and with no significant site-specific differences in
recent meta-analyses and pooled analyses [47, 186].

Early-life sun exposure, sometimes decades before diagnosis, is probably
important. Migration studies have found that childhood is a sensitive period [90].
The current evidence also suggests that melanoma risk continues to increase with
accumulating intermittent sun exposure. Meta-analyses have reported increased
melanoma risk with increasing number of sunburns during all life periods (child-
hood, adolescence, adulthood, and lifetime) [59], with no significant differences
between sunburns in childhood and adulthood [75, 76].

The entire ultraviolet (UV) spectrum is classified as carcinogenic to humans
[82]. Since most of UVB (280–315 nm) and all UVC (100–280 nm) are removed
by stratospheric ozone, about 95 % of the midday solar UV radiation reaching the
Earth’s surface is UVA (315–400 nm) and 5 % UVB. Because individuals are
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exposed simultaneously to UVA and UVB when outdoors, it is difficult to distin-
guish between the effects of UVA and UVB in human studies. UVB is an estab-
lished risk factor for sunburn, while both UVB and UVA may cause melanoma
[112].

1.2.2 Indoor Tanning
Several case-control and a few cohort studies have investigated indoor tanning in
relation to melanoma [32], and a causal positive association has been established
[112]. The summary relative risk in the most recent meta-analysis of cohort and
population-based case-control studies was 1.3 (95 % CI 1.1–1.4) for ever versus
never use [32] and increased to 1.6 (95 % CI 1.4–1.9) when first use was before
35 years of age [33]. Furthermore, the risk is found to increase with the number of
sessions [32, 136]. There is no indication that the risk associated with indoor
tanning is substantially confounded by sun exposure [32, 96, 233].

Indoor tanning is popular in many countries and has become an important source
of UV exposure. Up to 95–100 % of the body is exposed in a sunbed compared to
15–50 % during outdoor activities [22]. Measurements of modern sunbeds show
UV irradiance higher than midday summer sun in Southern Europe and Australia,
and exceeding the limits allowed by safety standards/regulations [106] (IARC [111,
112]; Gies et al. [84]; Nilsen et al. [185]; Tierney et al. 229). We still do not know
which UV wavelengths actually increase melanoma risk. The irradiance from
modern sunbeds is mainly in the UVA range with a fraction of UVB [67, 106] (Gies
et al. [84]; Nilsen et al. [185]), and this is alarming in light of the increased focus on
UVA as a carcinogen [82].

1.2.3 Other Environmental Factors
While the overwhelming majority of epidemiologic research has properly focused
on the relationship between host characteristics (including genetics), exposure to
UV radiation, and risk of cutaneous melanoma, findings from a number of relatively
small studies have suggested that there may be other factors influencing risk of the
disease.

Occupation and Melanoma
Several studies have suggested that exposure to polycyclic aromatic hydrocarbons,
benzene, or other chemicals used in the printing industry [3, 41, 142, 163, 183] are
associated with the development of melanoma. Similarly, studies of chemical
workers have also shown elevated risks of melanoma [171, 179, 224]. Cohort
studies of electrical and electronics workers [146, 203, 220] along with at least one
case-control study [179] have also shown elevated risks for melanoma. It has been
hypothesized that workers in occupations exposed to ionizing radiation might also
be at increased risk of melanoma [3, 71, 218, 238, 252].

A number of investigations [29, 91, 94, 196] of airline pilots and cabin crew who
might presumably be routinely exposed to cosmic radiation during high-altitude
flight have also produced results suggestive of an increase in risk of melanoma.

Melanoma Epidemiology and Prevention 21



However, several cohort studies among airline crews have also proved negative for
melanoma [197, 250]. A more detailed review of findings from occupational and
environmental studies of melanoma is found in Fortes and de Vries [70].

It should be noted that not all studies show elevated risk in any of these
industries or occupations. In addition, workers in chemical, electrical, and elec-
tronics industries are potentially exposed to a large number of agents in the
workplace, making it difficult or impossible to relate the elevated risks to one or
more specific chemicals. Most of the elevated risk estimates are based on relatively
small numbers of melanoma cases, as the studies to date have been predominantly
cohort investigations designed to evaluate incidence or mortality due to common
cancers, and melanoma is still a relatively rare disease in most populations. Finally,
these occupational studies are usually based only on employment records and thus
cannot adjust for the major known risk factors for the disease including phenotypic
characteristics, nevus density, and UV radiation exposure.

PCBs
Relatively few studies have been conducted to look for specific environmental risk
factors for melanoma, but among these, a number of studies have shown an ele-
vated risk in individuals with suspected exposure to organochlorine compounds,
such as polychlorinated biphenyls (PCBs) and some chlorine-based pesticides
[1, 146, 161, 198, 203, 207, 208, 220, 240, 248]. As noted above, although these
studies have some significant limitations, the results, with few exceptions, for
implied industrial PCB exposure have been fairly consistently positive.

PCBs are aromatic compounds containing between one and ten chlorine atoms
attached to a biphenyl structure. There are 209 reported congeners or variants, and
PCBs—used commercially initially as dielectric fluids in electrical capacitors and
transformers—contain mixtures of many of the congeners [134]. As potential
adverse effects of PCBs became clear, most countries banned their production and
use—the USA, Canada, and Australia in the 1970s and the European Union in the
1980s. However, PCBs are extremely persistent organic pollutants and survive in
the environment for many years. PCBs are known to bioaccumulate in adipose
tissue, and most human exposure in developed countries is through dietary intake of
fish and animal products. Animal studies have shown evidence of malignant and
benign tumors in the liver, lung, and oral mucosa in rats [176, 177] for a number of
PCB congeners. However, melanoma was not among the tumors assessed in these
studies, as a suitable animal model for melanoma has not yet been found.

A number of carcinogenic mechanisms [127], including formation of reactive
oxygen species [69, 145, 157], endocrine disruption [80, 180, 204], and immune
compromise [50, 147, 162, 173, 174, 209, 219], are known to be activated by
PCBs. The evidence that PCBs can cause immune suppression is of particular
interest because melanoma risk is known to increase between threefold and fourfold
in individuals who are immunosuppressed due to agents given for organ trans-
plantation [104, 117, 138].

22 M. Berwick et al.



One of the major drawbacks of human studies of melanoma and PCBs noted
above is that no direct biological measures have been made in study subjects.
A recent case-control study [73] evaluated blood levels of 14 PCB congeners and
11 organochlorine pesticides in 80 melanoma cases and 310 controls, and these
investigators found significantly increasing trends in risk for melanoma with
increasing blood levels of total PCBs, non-dioxin-like PCBs, and dioxin-like PCBs.
Significant but more modest positive relationships were also seen with levels of
some chlorine-based pesticide residues. These results persisted after adjustment for
phenotypic factors, sun sensitivity, and sun exposure. Although the results of this
preliminary study need confirmation in other investigations, they suggest that fur-
ther, more detailed studies of organic chlorine compounds and melanoma may be
productive. Recently, the International Agency for Research on Cancer (IARC) has
reclassified PCBs from Group 2 “probably carcinogenic to humans” to Group 1
“carcinogenic to humans” [134].

The information to date from studies of non-ultraviolet radiation (UVR)-related
factors in relation to malignant melanoma is not strong. However, the more recent
studies showing elevated risks in those with significant exposure through the
workplace or with relatively high blood levels indicate that other factors aside from
UVR may play a part in the etiology of the disease.

Chromium
As our understanding of the molecular changes that accompany melanomagenesis
increases [14, 53], it has become apparent that in contrast to non-melanoma skin
cancer, the singular role of UVR in melanomagenesis has become less certain
[166, 167]. Not all of the attributable risk for cutaneous melanoma can be linked to
UVR exposure, and the molecular pathology suggests that UVR alone may not be
the etiologic agent [14]. Additionally, only about 10 % of melanomas have a strong
Mendelian (heritable) component. Clearly, there are likely to be any number of
cocarcinogens. A vexing and unexplained clinical observation is that Albino
Africans develop multiple and often severe squamous cell carcinomas but very,
very few melanomas [61], suggesting that melanin is necessary for the development
of melanoma, and melanin interacts with heavy metals.

Chromium, specifically hexavalent chromium Cr(VI), has been classified as a
class I human carcinogen for quite some time. Occupational epidemiology has
strongly implicated exposure by welders and others as contributing to the patho-
genesis of lung cancer [122, 123, 214]. There is also considerable data that doc-
ument that Cr(VI) can cause lung tumors in mice [251] as well as a TH1-driven
response indicative of type IV hypersensitivity [38].

The possible role of Cr(VI) in melanomagenesis was stimulated by participation
in the CARET, in which it was demonstrated that β-carotene supplementation led to
more, rather than fewer, lung cancers in smokers [187]. Redox metabolism is
important in β-carotene and in melanocytes and melanoma cells; subsequently, the
possible role of heavy metals was thus investigated as a redox factor [166].

Austin and Reynolds [8] were the first to point out the association between
heavy metal exposure and an increase in risk for melanoma. Concern about the
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effect of metal shedding, both local and systemically, led to a seminal epidemiol-
ogic meta-analysis study of other diseases in patients receiving hip-on-hip metal
arthroplasties [188]. The crucial observation was that only melanoma was increased
in these patients and in a time-related manner. A complex Nordic study also sug-
gested a marked increase in both melanoma and prostate cancer [235]. However, a
large (40,576 patients with hip replacement with metal-on-metal bearing surfaces
and 248,995 with alternative bearings) but short-term (7 years) study of risk of
malignant melanoma, hematologic malignancies, and prostate and renal tract can-
cers has demonstrated no increase in these malignancies [222].

Case and colleagues [122] conducted extensive studies in patients, and these
have led to the following general observations [122, 132]: (1) Cr(VI) and cobalt
(Co) were shed into the bloodstream of patients with prior metal-on-metal hip
arthroplasties, but not in non-metal or knee arthroplasties (in which there is no
direct metal–metal contact). (2) The concentration of Cr(VI) in the blood of these
patients peaked at 6–12 years at 10 times “normal” levels and was measurable up to
10 years later. (3) Prospective follow-up also showed that there was also a statis-
tically significant increase of both chromosome translocations and aneuploidy in
peripheral blood lymphocytes at 6, 12, and 24 months after surgery. The changes
were generally progressive with time, but the change in aneuploidy was much
greater than that in chromosome translocations. However, no statistically significant
correlations were found in secondary analyses between chromosome translocation
indices and cobalt or chromium concentration in whole blood.

Experimental evidence shows that Cr(VI) may be involved in melanomagenesis
[167]. Prolonged incubation of human melanocytes with a wide variety of metals at
low non-toxic doses produced no effects. However, exposure to Cr(VI) resulted in
morphological changes, aneuploidy was detected, and when cells from primary
colonies were replated, secondary colonies formed. Additionally, exposure of
human melanocytes to UVR and some metals causes bleaching of melanosomes
and a pro-oxidant state [83]. Other physical evidence suggests a role in mel-
anomagenesis as a wide variety of insecticides, PCBs, and metals (including
chromium) have been identified bound to melanin [211]. These substances can
convert the natural antioxidant to a pro-oxidant after UVR exposure. A separate
piece of experimental evidence has emanated from the sequencing of a human
melanoma [193]. The genomic results strongly indicated that both UV-induced and
non-UV-induced DNA damages [a type associated with CR(VI)] were present. The
evidence for a cocarcinogenesis role of hexavalent chromium in melanomagenesis
is compelling and suggests that further investigation should lead to new etiologic
and mechanistic insights.

1.2.4 Host Factors
Host factors greatly modify an individual’s response to UVR, the principal envi-
ronmental risk factor for melanoma. Host factors in this section refer to pigmen-
tation characteristics: nevi; skin, hair, and eye colors; ability to tan; and propensity
to burn.
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Nevi
A major risk factor for melanoma is number and type of nevi. Nevi are benign
collections of melanocytes, and the numbers of nevi have been implicated in
numerous studies as the most important risk factor for melanoma, with an increased
number of nevi associated with an increased risk of disease [15, 24, 158, 230].
A meta-analysis has shown that individuals with more than 100 normal nevi are at
an almost seven times greater risk than individuals with few (≤15) nevi [75, 76].
The increase in risk is also thought to be incremental and proportional to the
number of nevi present [158, 159]. It has been shown that the presence of 11–25
nevi conferred a 1.5-fold increase in risk compared with fewer than 10 nevi, and
this risk doubled with each additional 25 nevi [158]. The size of the actual nevus
also increases the risk of melanoma, especially those greater than 2.0 mm in
diameter. The role of nevi as precursors of melanoma or markers of melanoma risk
is controversial. They are, however, common adjacent to thin melanomas (those
less than 1.70 mm) and less common among the thicker melanomas [210].
Approximately 50 % of melanomas less than 1.0 mm have adjacent neval remnants
[221]. Still, many melanomas arise de novo; it is clear that individuals with many
nevi are at high risk for developing melanoma [159].

Dysplastic or atypical nevi are also associated with an increased risk of mela-
noma. This subset of nevi are typified by cytological abnormality, with one defi-
nition requiring a macular component to at least one area of the lesion and at least
three of either: an ill-defined border, an uneven contour, the presence of erythema,
and variations in color or size greater than 5 mm [75, 76, 158]. Individuals with
only one atypical lesion are already at a 1.6 times greater risk of melanoma,
increasing to a tenfold greater risk with the presence of five or more atypical nevi
[75, 76].

Atypical mole syndrome (also known as dysplastic nevus syndrome or familial
atypical multiple mole and melanoma syndrome) is a rare phenotype characterized
by at least two atypical nevi, high numbers (>100) of normal nevi and nevi on
unusual body sites, such as the scalp, soles of the feet, buttocks, or breasts
[15, 158]. Individuals with atypical mole syndrome, especially in conjunction with
a family history of melanoma, are at an even greater risk of developing melanoma.

The exact nature of the role of nevi in melanoma development and progression is
yet to be fully understood. This is likely to be, in part, because the factors affecting
nevus expression and development are also complex and yet to be fully elucidated.
A twin study found that the contribution of genetic factors to nevus expression was
mediated by sun exposure and that with age, the component due to sun exposure
declined greatly, increasing the proportion of nevus expression due to genetics [16].
Nevi on body sites regularly exposed to the sun had a smaller genetic contribution
to variance than nevi on sun-protected sites, suggesting a greater environmental
effect of sun exposure on the development of nevi on exposed body sites.

An interaction between sun exposure and nevi has been observed in various
other investigations [24]. A study of Australian children found that increased sun
exposure in childhood was significantly associated with an increased number of
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nevi [97]. A separate study of German adults found that intense, intermittent sun
exposure in childhood or adolescence, characterized by sunburn, was significantly
associated with high nevus counts and the occurrence of atypical nevi [77]. The
authors suggested that sun exposure might induce nevus development, which
subsequently affects risk of melanoma [77].

As noted earlier in this chapter, Whiteman et al. [242] have put forward a
hypothesis for two divergent pathways for melanoma development on differing
body sites. They propose that some individuals are prone to melanoma due to
chronic sun exposure and are therefore more likely to develop melanoma on body
sites regularly exposed to the sun, like the face. Alternatively, other individuals with
a propensity for melanocytic instability are at risk of developing melanoma via a
proliferative melanocytic pathway, characterized by atypical nevi or high numbers
of nevi [24, 242]. The authors predict that melanoma development in the latter
group of individuals is instigated early in life by sun exposure and then driven by
other risk factors. They are therefore more likely to develop melanoma on body
sites not chronically exposed to sunlight, such as the trunk, perhaps due to unstable
melanocytic development. Supporting this theory are findings from an Italian study
[49]. These studies found individuals with melanoma on the head or face signifi-
cantly more likely to have fewer nevi and, conversely, individuals with melanoma
on the trunk more likely to have high nevus counts.

Other Pigmentation Factors
Pigmentation characteristics are well-established host risk factors for melanoma,
with skin, eye, and hair colors all known to be associated with susceptibility. An
inverse relationship has been consistently demonstrated between melanoma risk and
degree of skin pigmentation [6, 24, 159]. Fair-skinned individuals have a much
higher risk for developing melanoma than dark-skinned individuals, such that risk
estimates in individuals of non-European descent, who are typically darker-skinned,
are up to 10–20-fold less than those in individuals of European descent, who are
typically lighter-skinned [15, 230].

Skin reaction to the sun is also a predictor of melanoma risk. Skin that freckles
easily has a tendency to burn or an inability to tan, showing an increased propensity
for the disease [37, 159, 230]. Some authors have hypothesized that skin reaction
contributes less to melanoma risk than actual skin color, while others have postu-
lated that skin reaction is a better predictor of risk than skin color [6, 159]. Ana-
lytically, skin reactivity has been shown to be a strong, independent predictor of
susceptibility to melanoma and may also be a more robust measure of pigmentation
due to the issues surrounding accurate measurement of skin pigmentation within
and across studies [6, 230].

A pooled analysis of 10 case-control studies [30] showed that both fair skin
types and a high degree of freckling were associated with a twofold increase in risk
of developing melanoma, independent of each other, hair color and number of nevi.
The effect of freckling on risk was notably mediated by age, with a much higher risk
found in those less than 40 years of age. This could be related to the stronger
predictive effect of sun exposure in childhood and adolescence, with degree of
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freckling acting as a marker for degree of sun exposure as well as an indicator of
melanocyte instability.

This pooled analysis, along with numerous other epidemiological studies
[158, 230], found an increased risk of melanoma among individuals with red or
blonde hair, or blue or green eyes. While Bliss et al. [30] found hair and eye colors
to be independent risk factors for melanoma, Gandini et al. [75, 76] have questioned
whether the association between these traits is completely independent of skin
color. While clearly associated with melanoma, they argue that it cannot be a causal
relationship and that they appear to be risk factors for the disease simply due to their
correlation with skin pigmentation. As a result, a number of investigators have
formed indexes to avoid collinearity in pigmentation characteristics and risk. Fur-
thermore, as eye and hair colors are less prone to misclassification or recall bias
than measurements of skin color or skin reaction to the sun, they may represent a
more accurate marker of overall pigmentation traits, strengthening their association
with melanoma susceptibility [75, 76].

As with many factors affecting melanoma risk, the relationship with pigmenta-
tion characteristics is complicated and still not clearly understood. Further com-
plexities lie in the known and potential underlying genetic variants associated with
pigmentation.

1.2.5 Germline Genetic Factors and Genome-Wide Association
Studies (GWAS)

Melanoma sometimes develops within families (about 10 % of people with mela-
noma report a first- or second-degree relative with melanoma [99]), but this
occurrence may be due to relatives sharing either genetic risk factors or environ-
mental risk factors such as excessive sun exposure, or both. A population-based
study of Australian twins estimated that 55 % of the variation in susceptibility to
melanoma is due to genetic influences [215]. Genetic factors have also been shown
to contribute as much or more to melanoma risk prediction than classical risk
factors, over and above pigmentary effects [57]. The discovery of melanoma sus-
ceptibility genes can improve our knowledge of the biological pathways involved in
melanoma development. This knowledge can be translated into potential new tar-
gets for future therapies and more accurate melanoma prediction tools which can
improve our identification of people at high risk for melanoma who might benefit
from screening or targeted prevention strategies [57].

High-Penetrance Gene Mutations
CDKN2A on chromosome 9p21 was identified in 1994 as the first high-penetrance
melanoma susceptibility gene [119, 165]. CDKN2A encodes two distinct proteins,
p16INK4A and p14ARF, which are involved in cell cycle control, tumor sup-
pression, and melanocyte senescence [165]. The p16INK4A protein binds to the
cyclin-dependent kinases CDK4 and CDK6, inhibiting phosphorylation of the
retinoblastoma protein and progression of the cell through the G1 cell cycle
checkpoint. The p14ARF protein induces cell cycle arrest or apoptosis via the p53
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pathway. Mutations in the CDK4 gene are also associated with very high risk of
melanoma, and the activities of CDK4 and p16 have similar downstream effects
[99]. However, CDK4 mutations are very rare and only found in a handful of
melanoma families worldwide [99].

Only about 2 % of all melanoma cases in the population carry a CDKN2A
mutation, but the probability is much higher when a strong family history of
melanoma or multiple primary tumors are present [26, 87]; as such, CDKN2A
mutations are estimated to account for approximately 40 % of familial cases [87].
Carriers of a CDKN2A mutation have a substantial lifetime risk of developing
cutaneous malignant melanoma; population-based estimates indicate that around
30–50 % of mutation carriers will develop melanoma by 80 years of age [20, 58],
whereas lifetime risk estimates derived from clinic-based sampling (of families with
multiple cases of melanoma) range from 58 to 90 % penetrance by 80 years of age
[27].

Intermediate-Risk Gene Variants
The melanocortin-1 receptor (MC1R) gene, which encodes the melanocyte-
stimulating hormone receptor, was identified as the first low- to medium-
penetrance gene associated with melanoma risk [99, 232]. It is one of the major
genes that determine skin and hair colors, although there is evidence that it acts via
pigmentary and non-pigmentary pathways to influence melanoma development [56,
120, 201]. There are many common variants of MC1R [121], but only six of them
are usually referred to as “red hair color phenotype” or “R” variants (associated
with red hair, fair skin, freckling, poor sun sensitivity) and are associated with a
greater-than-twofold increased risk of melanoma [56, 201, 243, 244]. The other
MC1R variants (usually referred to as “r” or “non-RHC”) generally have a relatively
weak association with red hair color phenotype and have a weaker association with
melanoma risk [56, 201, 243, 244]. Although each variant individually is associated
with a small increase in risk of melanoma, some people carry more than one variant
and the combined effect can be large (e.g., more than fourfold increased risk of
melanoma for people carrying 2 “R” alleles compared to wild-type alleles). Also,
since the prevalence of MC1R variants conveying elevated risk in populations of
European origin is very high (ranging up to about 70 %) [56, 120], as a group they
account for a substantial proportion of disease in the population [243, 244]. It is
estimated that approximately 21 % of the familial aggregation of melanoma among
those developing melanoma under the age of 40 is explained by MC1R variants,
assuming a multiplicative polygenic risk model [56].

More recently, MITF, the microphthalmia-associated transcription factor, was
identified as a medium-penetrance melanoma susceptibility gene through a candi-
date gene approach in individuals affected with melanoma and renal cell carcinoma
[21] and whole-genome sequencing of melanoma-prone families [249]. MITF
regulates several other genes whose functions in melanocytes range from devel-
opment, differentiation, survival, cell cycle regulation, and pigment production
[249]. The MITF E318K variant allele is relatively uncommon in the population
(about 1 % prevalence) but is associated with a 2–3-fold increased risk of
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melanoma, which is higher for those with multiple primary melanomas [249]. The
presence of the E318K variant allele is associated with a higher nevus count and
non-blue eye color.

Of interest, it has been shown that variation in MC1R and MITF is more strongly
associated with melanoma in people with darker phenotypic traits than those with
fairer complexions [25, 56, 120] and that risk of melanoma among carriers with
“low-risk” phenotypes was as great or greater than among those with “at-risk”
phenotypes with few exceptions [25].

Low-Penetrance Gene Variants
Since 2008, a series of genome-wide association studies (GWAS) has led to a
substantial increase in our understanding of melanoma genetics [2, 13, 28, 39, 135,
149]. While the discovery of high- and medium-penetrance susceptibility genes has
used genetic linkage and candidate gene approaches in families with a strong family
history, the discovery of low-penetrance susceptibility genes relies on large, often
unselected case-control studies.

As expected, these GWAS have identified or confirmed variants in or near
pigmentation genes as being associated with melanoma risk, including MC1R, TYR,
ASIP, SLC45A2, IRF4, and TYRP1. Risk variants for melanoma also lie in or near
MTAP, PLA2G6, and IRF4, TERT/CLPTM1L, loci that have been shown to be
associated with nevus count variation. However, one of the most important
developments to come from the GWAS approach is the identification of suscepti-
bility genes that do not act via pigmentation pathways but instead are involved in
other cellular processes such as DNA repair and cell cycle control; these include
genes in or near ATM, CASP8, CCND1, MX2 [2, 13, 135, 149], and FTO, which
appear to have a broader function than its obesity-related effects [113]. The minor
allele frequencies for these genomic variants are in the range of 1–49 %, and the
risk of melanoma associated with the risk allele is in the range of a 1–2-fold
increased risk [135]. On their own, each of these variants only slightly increases
risk of melanoma; however, carrying several variants can significantly increase
melanoma risk, which may also be further modified by environmental factors such
as UV exposure.

Future Directions
Future directions in this field include determining which are the causal variants
associated with melanoma risk, determining the biological mechanisms underlying
the non-pigmentary associations, evaluating the gene–gene and gene-environment
interactions, and incorporating genetic variants into melanoma risk prediction
models and testing their effect on motivating risk-reducing behaviors as a cancer
prevention strategy.

1.2.6 Somatic Genetic Factors: Tumor Subtypes
Another direction related to genetic analyses is based on tumor, or somatic, alter-
ations. Melanoma is a heterogeneous disease with a variety of histologic subtypes
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and complex epidemiology. Age-specific incidence patterns display early- and
late-onset peak frequencies for trunk and face/ear melanomas, respectively [130,
131], consistent with hypotheses that melanoma arises from more than one causal
pathway and contain distinct melanoma genotypes [241]. NRAS and BRAF muta-
tions, mutually exclusive of each other, are found, respectively, in 10–30 and 25–
60 % of primary melanomas [60, 63, 64, 93, 228]. Less frequently, melanomas
contain KIT mutations, particularly mucosal melanoma or melanomas arising on
acral or on sun-damaged sites [53]. GNAQ and GNA11 mutations were discovered
in uveal and CNS melanomas, defining additional molecular melanoma subgroups
[81, 129, 200]. Frequently, melanomas also contain PTEN, CDKN2A, CDK4, and
CCND1 copy number alterations that help to define molecular subgroups [54, 55].

Newer high-throughput sequencing methods for tumors have allowed studies to
identify many additional somatic mutations in melanomas [103, 110, 128, 156,
239], including NF1 and RAC1 mutations (5 % of cases) and BRAF gene fusions
[35, 110]. Recently, it was also discovered that 30–40 % of melanomas harbor
mutations in the promoter region of the telomerase reverse transcriptase (TERT)
gene, and these TERT promoter mutations were found to occur more frequently in
BRAF-mutant melanomas [101, 105, 108, 107]. The contribution of these newly
discovered mutations to melanoma subclassifications remains to be fully elucidated.

Clinical Characteristics of Tumor Subtypes
BRAF- and NRAS-mutant melanomas have been examined in several studies in
relationship to their clinical characteristics. BRAF-mutant melanomas are associated
with young age at diagnosis, intermittently sun-exposed sites such as the trunk,
superficial spreading subtype, absence of solar elastosis, and presence of mitoses
[17, 60, 63, 64, 93, 144, 155, 228]. NRAS-mutant melanomas are associated with
older age at diagnosis, but less associated with specific anatomic location, are more
likely to be nodular subtype, and show increased Breslow thickness and presence of
mitoses [60, 63, 64, 86, 139, 228, 231, 234]. Interestingly, RAC1-mutant mela-
nomas are more common in older men on the head and neck location [128], while
TERT promoter mutations in melanomas are associated with older age, increased
Breslow thickness, nodular subtype, and tumor ulceration [101].

BRAF-mutant melanomas were found to be more common in patients with
increased numbers of nevi [93, 228] and with the presence of nevi adjacent to the
melanomas [63, 195]. These findings are plausible as approximately 70 % of nevi
contain BRAF mutations [194]. BRAF mutations were associated with the ability to
tan but not with freckling or hair or eye color [93, 228]. TERT promoter mutations
in melanoma were not associated with hair, skin, or eye color or number of nevi
[101].

Sun Exposure and Tumor Subtypes
The mechanistic contribution of sun exposure to melanomagenesis remains to be
elucidated. Most studies note indirect evidence, such as associations between
mutations with anatomic site, to infer a relationship to UV exposure; however, body
site alone may influence mutational status. Studies examining sun exposure
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questionnaire data found that BRAF-mutant melanoma was associated with high
early-life ambient [228] and individual self-reported childhood sun exposure [144]
and was less likely to occur in people with high cumulative sun exposure [92].
However, these results remain to be replicated. Of note, while the majority of
BRAF-mutant melanomas harbor a single base change resulting in BRAFV600E
alteration, approximately 10 % of BRAF mutations in melanoma contain two
adjacent base changes, tandem mutations [226] that have not been found in BRAF-
mutant tumors of other types, such as colon and lung cancers. It is possible that
these tissue-specific tandem mutations arise related to UV exposure [227]. The
BRAFV600K tandem mutation has engendered particular interest. Among a cohort
of Australian patients with metastatic melanoma, the frequency of non-
BRAFV600E, including V600K, mutations increased with older age and histologic
solar elastosis at the primary melanoma site [164]. In a North European cohort,
participants with BRAFV600K-mutated melanoma were significantly older at
diagnosis than those with BRAFV600E-mutated melanoma [118]. In an Austrian
cohort, BRAFV600K mutations were more frequent than BRAFV600E mutations in
in situ lentigo maligna melanomas [223]. However, we are not aware of a study that
has examined BRAFV600K-mutant melanoma in relationship to reported sun
exposure.

A variety of evidence suggests that UVB exposure might be responsible for
mutations in melanoma tumor suppressor genes. PTEN, CDKN2A, and P53 harbor
higher rates of UVB signature mutations than oncogenic BRAF and NRAS variants,
and TP53 and CDKN2A harbor higher rates of UVB signature mutations than
non-skin cancers [102]. Furthermore, PTEN mutations occur in approximately 50 %
of melanomas from xeroderma pigmentosum patients, who are susceptible to UV
mutagenesis, while BRAF, NRAS, and KIT mutation frequencies were lower than
PTEN [160]. Next-generation sequencing has more recently identified UVB sig-
nature hot spot mutations in putative oncogenes, including at PPP6C R264C,
STK19 D89N, and RAC1 P29S [103, 128]. In addition, TERT promoter mutations in
melanoma, also UVB signature mutations, are more frequent at both chronically
and intermittently sun-exposed than non-exposed sites, although these mutations
were not associated with reported sun behavior [101]. Additional work will be
necessary to collect epidemiologic evidence, including from sun exposure ques-
tionnaires, as to whether these mutations are associated with ambient exposure, sun
behaviors, and patterns of UV exposures.

Melanocortin-1 receptor (MC1R), which is a highly polymorphic gene whose
variants are associated with red hair, fair traits, and melanoma risk, was found to be
strongly associated with BRAF-mutant melanoma on non-chronically sun-damaged
skin in US and Italian cohorts [133] and regardless of signs of chronic solar damage
in a separate Italian cohort [68]. However, studies conducted in North Carolina and
Australia found no association between carriage of MC1R variants and BRAF-
mutant melanoma [93, 228], while a study conducted in Germany found BRAF-
mutant melanoma to be less frequent among MC1R variant carriers than
non-carriers, with the effect dependent entirely upon the nodular subtype [212].
A recent study in Spanish and Austrian populations found no association of MC1R
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status with BRAF-mutant melanoma across all tumor sites but a non-significant
association for truncal melanoma and a significant inverse association between
MC1R variants and BRAF-mutant melanomas of the head and neck [92]. Additional
larger—perhaps international—studies seem necessary to provide any real under-
standing of the association of MC1R variants with BRAF-mutant melanoma in the
context of possible anatomic site and histologic subtype dependencies.

In conclusion, it has become clear that BRAF, NRAS, KIT, GNAQ, and GNA11
mutations in melanoma contribute to the definitions of melanoma subgroups.
Additional mutations recently identified in tumor suppressor genes and oncogenes
are expected to refine this classification. Much work is anticipated to determine the
associations of these mutational subgroups with genetic risk factors, sun exposure,
and outcomes. Understanding the risk based on mutation subgroups is ultimately
expected to contribute to our understanding of how to design targeted prevention
messages.

1.2.7 Gene-Environment Interaction
The interactions revealed through the Genes Environment and Melanoma study
(GEM) analyses will identify some of the “missing heritability” that GWAS have
not found [253]. Few new studies address the gaps or the need to identify risk for
melanoma among those without traditional risk factors. Our GEM analysis of a rare
MITF mutation shows significant interactions with low nevus density and dark hair
color [25]. GWAS of melanoma have identified additional genetic risk factors but
unfortunately have not yet been useful for public health interventions. It is critical to
identify genetic factors in concert with the environmental factors, mainly UV
exposure, and to be able to control for moderators, such as pigmentation and
number of nevi, as did Thomas et al. [228] with risk in GEM for BRAF mutations.
Approximately 10–15 % of individuals diagnosed with melanoma can expect to die
from their disease. At this point in time, there are no reliable biomarkers to dis-
tinguish aggressive melanoma from a more indolent lesion. Exciting progress in
treatment has been made in the last few years—using immunotherapy
(anti-CTLA-4, anti-PD-1, chimeric antigen receptor therapy); however, life has not
been significantly prolonged by treatment and still only one-third of patients
respond. Researchers are largely clueless as to why more don’t benefit [52]. If we
could identify lesions that are aggressive at early stages of the disease, we could
make a huge impact on disease-specific mortality.

1.3 Survival and Melanoma

1.3.1 Ecologic Studies
Ecologic studies are subject to many unknown biases. However, they can also
provide insights into scientific problems and so have utility. In the area of melanoma
mortality, there are few large studies that have been conducted, so the large dat-
abases maintained by the US SEER program and the WHO database can be helpful
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to evaluate trends over time and by latitude. Some time ago, Lemish et al. [141]
observed that survival from melanoma increased with increasing melanoma inci-
dence among several populations and suggested that high levels of ambient sun
exposure might induce a more biologically benign type of melanoma. Recent data
evaluating a very large number of populations support this association of the positive
temporal and geographic association with incidence and survival [7].

Conflicting analyses, however, exist. For example, two studies have found no
association between latitude or other measures of UV exposure and mortality from
melanoma in the USA [116, 130, 131]; however, others have reported a positive
association between increasing latitude (decreasing UV) and increasing melanoma
mortality rates [46, 216] or a negative association between increasing latitude and
melanoma mortality [34, 66, 78].

A different measure of previous sun exposure derived for ecologic study is
season of diagnosis. Seasonality of diagnosis has been shown to be associated with
melanoma mortality in one study. Boniol et al. [31] found that in Australia, those
diagnosed in the summer had a significantly reduced risk of dying from melanoma
compared to those diagnosed in the winter with a hazard ratio (HR) of 0.72 (95 %
CI 0.65–0.81). Again, there are conflicting data. A report from Spain [172] showed
a significant association between diagnosis in July and August (the Spanish sum-
mer) and mortality from melanoma. Finally, another report from Australia [115]
found no association between season of diagnosis and survival from melanoma in
Victoria. Clearly, the weight of the evidence for melanoma in these ecological
studies does not support a role for diagnosis during the summer and improved
survival.

So, in summary, the ecologic studies are mixed in their results, but the weight of
the evidence no longer supports a strong positive association between latitude and
UV exposure.

1.3.2 Analytic Studies
Unfortunately, few analytic studies have interviewed patients for sun exposure and
residential histories and then followed subjects for mortality. Berwick et al. [23]
reported an inverse association between measures of solar exposure and melanoma
mortality. The authors suggested that this provocative finding might indicate a
beneficial effect of sun exposure in relationship to survival with melanoma medi-
ated by vitamin D produced by sun exposure. Alternative hypotheses were also
offered that previous sun exposure might induce more indolent melanomas through
increased melanization and DNA repair capacity.

Interestingly, Heenan et al. [100] published a somewhat similar analysis finding
that solar elastosis was of borderline significance (P for trend = 0.07) and inversely
associated with death from melanoma.

Rosso et al. [206] have also suggested that intense intermittent sun exposure
prior to the diagnosis of melanoma is associated with an improved survival. A study
from the UK measured serum vitamin D at diagnosis and found that those with the
highest level of serum vitamin D had the best survival [181].
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To add to the confusion, Berwick and colleagues [25] have now analyzed
survival data from a very large international cohort of melanoma patients and find
that there is little association between sun exposure prior to diagnosis and mela-
noma survival. This seems like a reasonable conclusion given the mixed evidence
presented above.

In summary, the analytic studies evaluating mortality in relationship to solar
exposure prior to diagnosis have quite mixed results. The discrepancy among
studies is worthy of further investigation. Analytic studies are generally considered
to be more valid than ecologic studies and could come up with different interpre-
tations of data because they may suffer less from misclassification of solar UV. In
addition, measures of individual sun exposure are likely to be more precise than
those estimated by latitude or UV exposure, regardless of how measured.

2 Prevention and Evaluation of Efficacy

Prevention of sunburn and reduction of time spent in the sun has been the aim of
many sun safety interventions. These interventions have focused on children and
adults in settings ranging from childcare facilities, schools, and outdoor recreation
sites to workplaces and community-wide campaigns that attempt to reach at-risk
populations in a variety of venues. Interventions have primarily relied on training,
education, and communication, with a few including distribution of sun protective
products (e.g., sunscreen) and organizational actions and policies.

Metrics for both sunburn and time spent in the sun have varied. Sunburn has been
measured as either any sunburn or number of sunburns. Time in the sun has been
assessed through reported amount of time outdoors, with some studies focusing
simply on time spent sunbathing for the purpose of getting a suntan and others
distinguishing intentional exposure such as sunbathing from incidental sun exposure
associated with outdoor recreation. Observational methods for assessing sun expo-
sure have been used which include assessment of skin color change, measures of UV
from polysulfone badges worn by respondents, and counts of melanocytic nevi.
Unfortunately, there is no “gold standard” for assessing changes in solar UV
exposure, rendering comparison of results from different prevention studies difficult.

The public commonly assumes that sunscreen is a good preventive measure
against skin cancer, including melanoma. This assumption was confirmed by a
randomized controlled trial (RCT) of regular sunscreen use among 1621 people aged
25–75 in Queensland, Australia, and demonstrated a 50 % reduction (hazard ratio
0.50; 95 % CI 0.24–1.02; P = 0.051) in melanoma incidence, particularly invasive
melanomas (hazard ratio 0.27; 95 % CI 0.08–0.97) at a 10-year follow-up. This
finding was echoed in an observational study [137] where they found that routine use
of sunscreen and other sun protection methods was higher among controls than
among cases (P = 0.03) and other sun protection methods (P = 0.006). However, in
this study, the authors are cautious about the results as few used sunscreen routinely
and the measures of other sun protection methods lacked specificity.
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2.1 Interventions in Childcare and School Settings

Studies that evaluated sun safety interventions for children in childcare and school
settings have provided mixed results on the effectiveness of these. In childcare
settings, two studies reported no change in sun exposure measured by parent reports
or by change in melanocytic nevi in the children’s skin [18, 19, 246], but one study
did find that children spent less time outdoors during peak sun hours at childcare
centers with sun protection policies [124]. One study also failed to produce changes
in sunburn prevalence after an educational intervention with parents [18, 19].

Several interventions directed at primary school-aged children have resulted in
reduced sun exposure measured by self-reports, UVR (UV)-sensitive dosimeters,
skin color change, or development of fewer melanocytic nevi [43, 44, 45, 51, 109,
126, 140, 169, 170], but a few did not affect sun exposure [85, 109, 205]. These
interventions involved instructional materials inserted into the school curriculum or
had dermatologists talk with staff and parents.

A limited number of interventions have been evaluated with secondary
school-aged children. One intervention using instructional materials inserted into
the school curriculum reduced sun exposure or sunbathing [213], but another study
using school-based instruction did not [44, 45]. Also, a recent study of an
Internet-delivered curriculum did not improve the frequency of sunbathing [40].

Interventions containing appearance-focused messaging or photo-aging informa-
tion, includingUV imaging, have reduced college students’ time in the sun [114, 150],
although regional differences have been seen in this effect [152]. Some interventions
have failed to influence time in the sun [143, 151, 154, 202] or actually produced
increased sun exposure on somemeasures [48]. In some of these interventions, college
students were provided with sunscreen and UV monitors, too [48, 114, 202].

Studies on interventions in schools have also produced some evidence that they
can reduce sunburn. Sunburn incidence has been reduced with interventions in
primary schools [42], secondary schools [40], and college [143]. However, studies
in these contexts have also failed to report change in sunburn [18, 19, 51, 175, 199],
and one study found increased sunburn frequency post-intervention [48].

2.2 Interventions in Occupational Settings

Interventions targeting sun exposure and sunburn in workplaces have been less
common than those delivered in school settings; however, they have generally been
effective at improving both outcomes. Specifically, one study of a 10-year
follow-up to yearly education and mandatory sun protection policy with road
workers found reduced sun exposure measured by skin tanning and solar keratosis
[247]. Another study on ski area employees found reduction in sunburns by
employees immediately [42] although this reduction was no longer evident in the
following summer [4] or when the intervention was distributed throughout the
North American ski industry [4]. Finally, the sun protection program at ski areas did
not affect sunburn prevalence among guests [237].
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Likewise, an intervention for swimming pools that included signage, program
guidebooks, and instructions on training lifeguards to teach sun safety to children
reduced sunburns among lifeguards in a randomized trial [79]. This intervention
remained effective at decreasing sunburns among lifeguards when disseminated
nationwide to pools where lifeguards also reported the presence of pool policies to
promote sun safety to children and parents and teaching sun safety to children [95].

2.3 Interventions in Outdoor Recreation

Sun safety interventions in outdoor recreation settings have able to reduce sun
exposure and sunburn. One study delivering photo-aging information, photograph
of UV damage, and free sunscreen did find some reduction in sunbathing but not in
incidental sun exposure [153]. Another study on a similar intervention with beach
visitors reduced their frequency of sunbathing and prevalence of sunburn at a
2-month follow-up but only sunbathing and not sunburn prevalence at a 1-year
follow-up [191]. A third study conveying risk information and UV photographs did
not affect sun exposure [190]. However, a fourth intervention that included infor-
mation on the harms of sun exposure and benefits of protection on sunscreen labels
decreased sunburn prevalence but not time in the intense sun [182].

2.4 Interventions on Dermatology Patients

Two recent evaluations have explored whether interventions with dermatology
patients can decrease sun exposure and sunburns. One study in China did report
decreased sun exposure following clinic-based education and provision of sun-
screen [108, 107], but another study in the USA intervening with melanoma
patients with the aim of improving protection of their children found no overall
impact on children’s time outdoors or sunburn [89]. Parents at moderate to high risk
of developing skin cancer limited their time in the sun following an intervention
using printed information and telephone contact but did not change their children’s
sun exposure [125].

2.5 Community-Wide Interventions

Finally, a small number of studies have examined the effect of community-wide
interventions that convey sun protection messages through a variety of venues. The
longest intervention is the SunSmart campaign in Australia. The latest time series
evaluation showed that time spent outdoors in the sun and incidence of sunburn had
declined over the years of the campaign [62]. A community-wide intervention in
Falmouth, Massachusetts, also reported a reduction in painful sunburns in children
but no change in their sun exposure [168]; however, this intervention was limited
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by the cross-sectional nature of the evaluation, so that the individuals responding at
baseline were not the same individuals responding after the intervention.

2.6 Does Sun Safety Increase Time in the Sun?

A few studies mentioned earlier found that time in the sun increased following the
prevention intervention, which raises concerns that people use sun protection and
exposure to prolong intentionally their time in the sun. This same concern has been
advanced in studies showing that population that used sunscreen had greater mel-
anocytic nevi, an indicator of sun exposure [9, 10, 11, 12, 18, 19, 148], although a
recent study from Canada found that sunscreen reduced nevi in a randomized
prospective design [74]. The negative effects of sunscreen may be most evident
when individuals choose to be outdoors in the sun rather than when their time in the
sun is determined by factors out of their control such as work schedules. However,
it is also possible that this effect arises from confounding by indication, where
individuals who need and use sunscreens the most have sun-sensitive light skin and
are at highest risk of more nevi, regardless of their amount of sun exposure.
Individuals who engage in other sun safety practices may be able to spend extended
time outside without obtaining high doses of solar UVR [36]. Also, sun exposure
can have benefits, including the production of vitamin D. The aim is to achieve the
right balance.

2.7 Limitations

A few limitations to the research on interventions to prevent sunburn and reduce time
in the midday sun are worth noting. Some studies had poor-quality designs (e.g., lack
of a control group, small samples). Many studies relied on self-report measures of
sunburn and time in the midday sun. There is evidence that self-reports on sunburns
can be valid [36, 189, 225], but an expert panel recommended that measures define
sunburn (e.g., red and/or painful from exposure to the sun) and provide a specific
recall period (e.g., past three months) [217]. Observational measures of time in the
sun by colorimeter assessments of change in skin color have limitations, too (e.g.,
color can fade; precise amount of exposure is difficult to measure).

3 Conclusions

There is a great deal known about melanoma; however, there is much still to
understand. A current trend is to evaluate “gene–environment interactions.” There
are new genetic discoveries every day, and these may help to understand the
etiology and factors important for melanoma progression. Environmental exposure
is extremely difficult to measure, but measurement is likely an important problem
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that investigators may solve in the future. The best advice that can be given for
prevention is the “precautionary principle,” that is, individuals should avoid
extreme exposure to UV light including tanning beds. Skin examination is a second
piece of important advice for secondary prevention of melanoma, which is covered
in the next chapter. Individuals should become “aware” of their skin—any unusual
spots or nodules deserve the attention of a primary care physician or a dermatol-
ogist. Together, caution in the sun and awareness of one’s skin are today the best
advice for melanoma prevention.
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Methods of Melanoma Detection

Sancy A. Leachman, Pamela B. Cassidy, Suephy C. Chen,
Clara Curiel, Alan Geller, Daniel Gareau, Giovanni Pellacani,
James M. Grichnik, Josep Malvehy, Jeffrey North, Steven L. Jacques,
Tracy Petrie, Susana Puig, Susan M. Swetter, Susan Tofte
and Martin A. Weinstock

Abstract
Detection and removal of melanoma, before it has metastasized, dramatically
improves prognosis and survival. The purpose of this chapter is to (1) summarize
current methods of melanoma detection and (2) review state-of-the-art detection
methods and technologies that have the potential to reduce melanoma mortality.
Current strategies for the detection of melanoma range from population-based
educational campaigns and screening to the use of algorithm-driven imaging
technologies and performance of assays that identify markers of transformation.
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This chapter will begin by describing state-of-the-art methods for educating and
increasing awareness of at-risk individuals and for performing comprehensive
screening examinations. Standard and advanced photographic methods designed
to improve reliability and reproducibility of the clinical examination will also be
reviewed. Devices that magnify and/or enhance malignant features of individual
melanocytic lesions (and algorithms that are available to interpret the results
obtained from these devices) will be compared and contrasted. In vivo confocal
microscopy and other cellular-level in vivo technologies will be compared to
traditional tissue biopsy, and the role of a noninvasive “optical biopsy” in the
clinical setting will be discussed. Finally, cellular and molecular methods that
have been applied to the diagnosis of melanoma, such as comparative genomic
hybridization (CGH), fluorescent in situ hybridization (FISH), and quantitative
reverse transcriptase polymerase chain reaction (qRT-PCR), will be discussed.
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1 Background

Incidence and mortality rates for melanoma have increased steadily since the 1900s.
Melanoma estimates for 2014 in the US include 76,100 new invasive and 63,770 new
in situ cases, along with 9710 anticipated deaths [190]. The probability of developing
melanoma from birth to death is now estimated to be 1 in 34 in men and 1 in 53 in
women [190]. In the latest version of the AJCC staging guidelines [25], a total of 38,918
cases of melanoma are staged: 18,370 (47.2 %) Stage I; 9269 (23.8 %) Stage II; 3307
(8.5 %) Stage III; and 7972 (20.5 %) Stage IV. The 5- and 10-year survival rates
decrease with advancing stage. For example, 10-year survival rates for localized (Stages
I and II) melanoma range from 93 % for Stage IA to 39 % for Stage IIC. Reported
ten-year survival rates for regionally metastatic (Stage III) disease range from 68 % for
Stage IIIA to 24 % for Stage IIIC, and the 10-year survival rate for Stage IV disease is
only 10–15% [25]. It is not possible to determine from these data howmany lives might
have been saved if patients with metastatic disease had been detected at Stage IA.
However, a “back of the envelope” estimate would suggest that of the almost 8000
Stage IV patients diagnosed, only about 10 % (800) would be predicted to be alive at
10 years. If 50 % of these 8000 patients had been diagnosed earlier with Stage IA
disease, the estimate of living patients at 10 years would be increased to approximately
4120 (4000 patients X 10 % + 4000 X 93%), potentially saving 3320 lives. This rough
estimate is only intended to be illustrative of the concept that early detection of mel-
anoma has the potential to dramatically reduce death due to this disease.

In addition to mortality increases, the cost of treatment of melanoma increases
dramatically with the stage of disease [104]. Six independent studies of the cost of
melanoma treatment in the US conclude that the direct cost of melanoma care
increases with increasing stage of disease [11, 57, 108, 188, 201, 213]. A summary of
annual per-patient medical costs for melanoma in 2010 US dollar equivalents pub-
lished by Guy et al. demonstrated a range from $2169 to $31,032/year to treat local
disease, $31,778 to $69,006/year to treat regionally metastatic disease, and $34,103 to
$152,244/year to treat distant metastatic disease [104]. These numbers do not take into
consideration the escalation of cost for metastatic disease in the current era of targeted
immunotherapies, which cost approximately $60,000–$120,000 per course of therapy
for the drug alone, and do not include the costs of administration and management of
side effects or associated hospitalization costs. Detection of melanoma at the earliest
stages has the potential for substantial reduction in healthcare costs.

The capacity of early melanoma detection to save lives and dollars will depend on the
application of a variety of detection methods. In this chapter, a full spectrum of detection
methods will be reviewed, including (1) population and public health approaches, (2) skin
cancer screening and self-skin examination approaches, (3) photographic methods,
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(4) dermoscopic methods, (5) spectral imaging methods, (6) in vivo confocal microscopy
methods, (7) optical coherence tomography methods, (8) electrical impedance and
ultrasound detection methods, and (9) molecular methods to improve the diagnosis of
melanoma. Each detectionmethod has costs and opportunities associated with application
to patient care, and the ultimate goal is to optimize the use of eachmethod in a context that
will provide the greatest reduction of melanoma-related death at the lowest cost.

2 Population-Level Approaches to Early Detection

2.1 The Role of Public Health Campaigns in the Early
Detection of Melanoma

Screening for melanoma generally occurs in two venues—clinic-based (performed
by dermatologists or primary care physicians) and mass screening, often led by the
American Academy of Dermatology [83, 85] or similar organizations such as
Euromelanoma in Europe [196]. A third form of melanoma screening that has
recently emerged combines screening and educational awareness, including pub-
licity on behavioral risks and training of physicians in behavior modification skills,
and takes place in a given state or workplace. These population-based programs
bear some resemblance to large-scale, statewide public health efforts to reduce rates
of smoking in Massachusetts and California, which led to dramatic decreases in
smoking rates and concomitant reduction of tobacco-related disease [122, 176].

American Academy of Dermatology Mass Screening Programs
The American Academy of Dermatology has conducted free skin cancer screening
programs since 1985. Although screenees that are identified as possibly having a
melanoma are not frequently followed up for histologic outcome, among the 242,374
skin cancer screenings conducted during the period 1992–1994, 363 screenees had
histologically proven melanoma. Middle-aged and older men (age ≥50 years) com-
prised only 25 % of persons screened but comprised 44 % of those with a confirmed
diagnosis of melanoma. The overall yield of melanoma (the number of confirmed
diagnoses per the number of screenees) was 1.5 per 1000 screenings compared with a
yield of 2.6 per 1000 screenings among men age ≥50 years. The yield was improved
further for men age ≥50 years who reported either a changing mole (4.6 per 1000
screenings) or skin types I and II (3.8 per 1000 screenings) [83, 85]. The authors of
AAD studies and those from the Euromelanoma screening programs agreed that the
yield of mass screening for melanoma would be improved by outreach to middle-aged
and older men, with particular focus on men with changing moles or with skin types I
and II. Messages to primary care physicians illustrated that they should be attuned to
the risk factors among all of their patients but should be alerted in particular to the
heightened risk of melanoma for men age ≥50 years.

Training of Primary Care Physicians
Given that most Americans will not see a dermatologist during their lifetime but
make frequent visits to primary care physicians (PCPs), it is necessary to train PCPs
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in minimal triage of at-risk individuals requiring further expert dermatologist
consultation. To this end, Eide et al. developed a 1- to 2-h interactive, Web-based
course in skin cancer detection for practicing board-certified PCPs (http://www.
skinsight.com/info/for_professionals/dermatology-education-resources) and evalu-
ated its use and success with 54 PCPs at 2 US sites using pretests, immediate tests,
and 6 month posttests [63].

The mean score for appropriate diagnosis and management increased from 36.1
to 46.7 % (odds ratio (OR) 1.6; 95 % confidence interval (CI), 1.4–1.9), with
strongest improvement found for benign lesions from 32.1 to 46.3 % (OR 1.9; 95 %
CI, 1.6–2.4). Dermatology referrals for suspicious lesions or new visits by partic-
ipants’ patients decreased at both sites after the course (from 630 to 607 and from
726 to 266, respectively) [63]. Ongoing efforts are underway to train medical
students in the basic elements of the skin cancer screening examination [82].

Status of Major Skin Cancer Screening Efforts
In 2009, the United States Preventive Services Task Force (USPSTF), utilizing
studies through 2006, concluded that the current evidence for skin cancer screening
is insufficient to assess the balance of benefits and harms of the service. Since 2006,
two major non-randomized studies have demonstrated the potential benefit of
screening and education. At the same time, the USPSTF has given greater attention
to a balance of evidence from observational studies and randomized studies rather
than to the latter alone. Mounting evidence of the benefit to harm ratio is of crucial
importance as preventive services that have a rating of A (high) or B (moderate)
from the USPSTF will be relevant to the application of the Affordable Care Act
[186].

In response to apparently high rates of melanoma at the Lawrence Livermore
National Laboratory (LLNL), Schneider et al. designed an educational campaign to
promote self-examination and targeted screening. This first non-randomized study
monitored thickness and crude incidence of melanomas detected during three
phases of increasing melanoma surveillance. These periods were as follows:
(1) pre-awareness (1969–1975), (2) early awareness of increased melanoma risk
(1976–1984), and (3) screening program (1984–1996). Crude incidence of mela-
nomas thicker than 0.75 mm decreased during the 3 periods from 22.1 to 15.13 to
4.62 cases per 100,000 person-years (p = 0.001 by chi-square for trend) with the
larger decrease from the active screening program. No eligible melanoma deaths
occurred among LLNL employees during the screening period, whereas the
expected number of deaths was calculated to be 3.39 deaths (p = 0.034) [182].

In the second non-randomized study, fueled by a large public awareness ini-
tiative, more than 360,000 residents of Schleswig-Holstein (a northern state in
Germany) ages 20 and above received full-body skin examinations from derma-
tologists and trained PCPs. PCPs were trained in mandatory 8-hour programs and
reimbursed the equivalent of $25 for screening and recording of the skin cancer
examination. Twenty-seven percent of female and 10 % of male residents received
screenings between July 1, 2003, and June 30, 2004. Incidence and mortality rates
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for Schleswig-Holstein and adjacent regions were compared for the period 2000–
2009, encompassing a period prior to screening, during screening, and
post-screening. Incidence rates were greater as recorded in the Cancer Registry of
Schleswig-Holstein than Saarland (control state), and mortality rates dropped an
estimated 45 % for men and women, while adjacent areas such as Denmark and the
rest of Germany experienced little change during this 10-year period [64, 118, 205].

On the heels of this statewide effort, a nationwide screening program with no
preceding educational campaign is currently taking place in Germany. Reports
indicate that more than 75 % of primary care physicians have received the same 8-h
training program and more than 30 million screenings have taken place (2008–
2013). Comparisons in incidence and mortality rates between Germany and their
nine adjacent countries are being planned.

Potential Harms of Skin Cancer Screening
While demonstrating screening-associated reductions in mortality is paramount, the
USPSTF is also interested in assessing the potential harms associated with mela-
noma screening. Such harms may include pre- or post-screening anxiety, embar-
rassment encountered during screening, unnecessary excisions, costs, and scarring
associated with biopsies and excisions. Future research should seek to assess harms
from skin cancer screening in large-scale efforts such as the nationwide campaign in
Germany or in healthcare system-led efforts currently underway at the University of
Pittsburgh Medical Center.

With respect to data on screening anxiety, a study of 324 patients undergoing
investigation of a suspicious skin lesion in the UK at a Pigmented Lesion Clinic
consented to complete a baseline and 6-month survey. Using recognized cutoff
scores, 27 % of women reported clinically high levels of anxiety at the time of
clinic arrival, in comparison with 10 % of men (p < 0.0001). Patients given an
immediate benign post-clinical diagnosis reported a reduction in anxiety
(p < 0.0001), but patients requiring a biopsy reported elevated levels of anxiety.
Approximately 30 % of these biopsy patients reported clinically high levels of
anxiety both before and after diagnosis [8].

Expanding Population-Based Approaches to High-Risk States
Statewide efforts in the US and elsewhere are needed to replicate findings from
Schleswig-Holstein. In particular, in states with high melanoma mortality rates,
prescreening campaigns could be launched to promote public awareness of the
importance of skin self-examination and physician examination. Cancer registry
and vital statistics data can be utilized to compare states with high screening
penetration versus unscreened states, and routinely administered surveys such as the
Behavioral Risk Factor Surveillance System can measure awareness, exposure to
screening information, intentions to screen, self-efficacy for skin cancer screening,
and actual practice of the skin self-examination and receipt of a skin cancer
screening. Additionally, cost studies should be incorporated.
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2.2 Effects of Skin Self-examination and Clinician Skin
Examination on Early Melanoma Detection

Multiple studies support the value of early detection of melanoma through skin
self-examination (SSE) and clinician skin examination, though evidence that this
translates into reduced population-based melanoma mortality has thus far been
insufficient for the USPSTF to recommend skin screening as part of primary care
practice. Ample data suggest that melanomas detected by clinicians through
directed skin examinations or during the course of routine physical examinations
(e.g., “opportunistic screening”) are thinner than those found by patients or their
significant others [5, 66, 116, 125, 197]. In an analysis of 9 worldwide studies of
over 7500 patients, a mean decreased tumor thickness of 0.55 mm was found when
comparing melanomas initially detected by physicians versus by patients or sig-
nificant others [200]. Thus, peer-reviewed data and observational evidence support
the efficacy of SSE in detecting thinner melanomas and reducing mortality.

Skin Self-Examination
In 1996, Berwick et al. [32] reported a 63 % reduction in lethal or advanced
melanoma associated with SSE in a population-based, case-control study of Con-
necticut residents. The mean thickness of melanomas was reduced, though not
significantly, in the 15 % of patients who performed SSE, compared with those who
did not (OR 0.58; 95 % CI, 0.31–1.11). Subsequent analysis of the study population
at a median of 5.4 years demonstrated lower risk of death from melanoma in
patients with increased skin screening practices (inferred from a combination of
skin awareness, SSE, and physician skin examination), although reported SSE itself
was not associated with reduced melanoma mortality [31]. A 2003 study found that
regular performance of SSE was associated with a significantly reduced likelihood
of melanomas >1 mm at diagnosis (covariate-adjusted OR 0.65; 95 % CI, 0.45–
0.93), although details regarding the thoroughness and frequency of SSE were not
reported [47].

Improved understanding of the effectiveness of SSE has been hindered by
variable study definitions of SSE, including the number or percent of body sites
examined and the frequency and method of examination [152, 209] and the small
number of studies examining the reported benefits of techniques such as the use of
photographs to supplement SSE [153]. In a study of 321 recently diagnosed
cutaneous melanoma patients, Pollitt et al. [163] showed that the thoroughness of
SSE, as measured by the number of body sites examined and use of a picture aid
illustrating a melanoma, was the best predictor of reduced melanoma thickness,
with thinner tumors observed in patients who frequently examined at least some of
their skin in the year prior to melanoma diagnosis (OR 2.66; 95 % CI, 1.48–4.80).
The effect of SSE was even greater in men and in older patients (>60 years).

Despite the potential benefit of self-inspection of the skin for early melanoma
detection, the prevalence of SSE in the general population is low. It is estimated that
only 10–25 % of individuals in the US practice regular, thorough SSE [210].
Effective self-identification of melanoma is dependent on several factors, including
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increased awareness and knowledge of SSE practices, health provider teaching of
SSE to patients, and consistent performance of SSE by patients [53]. The American
Cancer Society recommends thorough SSE of all body areas, including the back,
back of the legs, and scalp [192] areas that are typically difficult to self-inspect.
While the USPSTF described insufficient evidence to recommend SSE for the
general population in its 2009 report, the potential benefit in high-risk groups such
as older men was noted [186].

However, a population-based telephone survey in Queensland, Australia, dem-
onstrated that only 20 % of men 50 years or older examined the skin of their whole
body at least once in the past year [6]. For higher risk populations, various edu-
cational programs have successfully increased SSE performance [153, 173, 174].
Other studies have demonstrated that patient and partner intervention with spe-
cialized information, such as using videos and telephone reminders, may increase
the prevalence of SSE [113]. Other interventions, such as use of mole-mapping
images during self-examination, can increase the accuracy of SSE [50].

Efforts have been made to better understand the psychosocial factors that affect
skin examination behaviors in an attempt to identify mechanisms to improve
compliance with skin examination recommendations. In an international
Web-based survey of the general population, it was demonstrated that self- and
professional skin examinations were associated with (1) a perceived risk of
developing melanoma; (2) perceived benefits of, and barriers to, skin examination;
and (3) perceived confidence in one’s ability to engage in screening. Additionally,
among those with no history of melanoma, higher cancer-related worry was asso-
ciated with greater frequency of SSE [117]. Self-skin examination practices and
seeking of physician skin examinations have also been evaluated in high-risk
CDKN2A/p16 mutation carrying families [21, 22, 199]. These studies confirm a
relatively low baseline compliance with skin examination recommendations,
despite counseling of risk. However, following provision of genetic test results and
counseling, unaffected carriers demonstrated a significantly improved compliance
in skin examination practices for as long as two years following the test reporting
session. These data suggest that individually tailored risk messaging may improve
compliance with early detection recommendations.

Clinical Skin Examination
While numerous worldwide studies have demonstrated that physician detection of
melanoma is associated with thinner tumors at diagnosis [200], no randomized trials
have established the efficacy of clinician screening for melanoma on mortality
reduction. The 2009 USPSTF statement found insufficient evidence to recommend
for or against routine skin cancer screening of the general population by primary
care providers [186]. Since that time, however, evidence for improved melanoma
outcomes with clinician skin screening was reported in a population-based
case-control study by Aitken et al. of Queensland residents aged 20–75 years with
histologically confirmed first primary invasive melanoma diagnosed between Jan-
uary 2000 and December 2003 [5]. This study demonstrated a 14 % lower risk of
being diagnosed with a thick (>0.75 mm) melanoma following a clinician skin
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examination within 3 years of diagnosis (OR 0.86; 95 % CI, 0.75–0.98). The
decrease in risk was greatest for the thick melanomas (risk reduction 40 % for
lesions ≥3 mm), resulting in a projected 26 % fewer melanoma deaths in screened
cases versus unscreened cases within 5 years.

A subsequent US study of 566 adults with invasive melanoma assessed the role
of physician skin examination in the year prior to diagnosis and found that men
over age 60 appeared to benefit the most from this practice [198]. Thinner tumors
(≤1 mm) were significantly associated with physician discovery (p ≤ 0.0001),
though this was reported by only 19 % of patients. However, patients who had a
full-body skin examination by a physician in the year prior to diagnosis were more
than twice as likely to have a thinner melanoma (OR 2.51; 95 % CI, 1.62–3.87),
largely due to the effect of the physician skin examination in men >60 years, who
had four times the odds of a thinner melanoma (OR 4.09; 95 % CI, 1.88–8.89).

These studies, along with the aforementioned Lawrence Livermore National
Laboratory cohort time series, the German SCREEN population-based time series,
and ongoing nationwide skin screening program in Germany (discussed in
Sect. 2.1), suggest that integration of the skin examination into a routine physical
assessment by primary care providers may be a practical strategy for reducing skin
cancer mortality. Clinician skin examination should be synergistic with skin
self-examination for early melanoma detection. However, the documented preva-
lence of annual clinician skin examination ranges from only 8–21 % and varies
according to the type of health provider [7, 114, 129, 175, 180]). Studies have
demonstrated that dermatologists are significantly better than non-dermatologist
physicians at diagnosing melanoma [92], although most suggest that tumor thick-
ness does not appear to substantially differ by provider type. Since Americans make
an average of 1.7 visits to primary care providers each year, they can serve as an
important source of skin cancer diagnosis and triage.

Indeed, most physician-detected melanomas are found by primary care provid-
ers, not dermatologists, a statistic related to national shortages in the dermatology
workforce, and primary care providers perform the initial biopsy of 1.4–13 % of all
melanomas [98]. Therefore, dermatologists and primary care providers must work
in tandem to promote early melanoma detection. However, published data suggest
that primary care providers in the US may not be adequately trained to identify
early skin cancer [84, 148]. Many physicians have minimal exposure to skin cancer
examination practices during medical school and residency, resulting in lack of
knowledge and confidence in skin cancer diagnosis and effective patient assess-
ment, thereby creating barriers to routine skin exams by primary care providers.

Factors that promote and/or prevent skin cancer screening among US primary
care providers and dermatologists were evaluated in a survey study of >1600
randomly selected physicians [189]. More dermatologists (81 %) reported per-
forming whole body skin examination on patients than did family practitioners
(59.6 %) (p < 0.05) or internists (56.4 %) (p < 0.05). Among all physicians, time
constraints, competing comorbidities, and patient embarrassment were reported as
the top 3 barriers to performing full skin examinations. Factors that facilitated skin
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screening among all physicians included having patients at high risk for skin
cancer, patient demand for complete examination/mole check, and the influence of
specialty medical training.

Effective educational and training programs are essential to increase the efficacy
and implementation of comprehensive skin examinations by healthcare providers in
at-risk populations. A number of Web-based educational programs have been
designed for this purpose [63], including a 1.5-h Web-based, interactive training
program called INFORMED (INternet-based program FOR Melanoma Early
Detection), available at http://www.skinsight.com/info/for_professionals/skin-
cancer-detection-informed/skin-cancer-education. As mentioned above, a recent
US study evaluated the effect of INFORMED on 54 primary care providers at two
integrated healthcare delivery systems on practice patterns, including referral or
visits to dermatology and skin biopsies during the six months following training
[63]. Scores for appropriate diagnosis and management increased from 36 %
pre-training to 47 % post-training (OR 1.6; 95 % CI 1.4–1.9), with greatest
improvement for benign skin lesions. Rates of dermatology utilization decreased
without any change in biopsies performed or skin cancers diagnosed, suggesting
that primary care provider training in skin cancer did not increase specialty referrals
or over-biopsy/treatment, likely due to the improvement in diagnosis and man-
agement of benign lesions.

3 The Role of Clinical Examination-Based Detection
Methods for Melanoma

3.1 The Comprehensive Skin Examination

A screening examination for skin lesions by a trained practitioner takes only a few
minutes and can reveal melanomas in areas not easily viewed by the patient such as
the back and posterior legs. The clinician skin examination allows for the assess-
ment of melanoma risk factors such as fair skin phenotype/sun sensitivity, increased
nevus count, and/or clinically atypical nevi. It requires few materials, namely
adequate examination lighting and possible use of a magnifying lens or dermato-
scope, though this latter tool requires appropriate training. The INFORMED
Web-based curriculum provides clinical guidance for early detection of melanoma
(as well as other common skin cancers) by primary care providers, although it is
available for the lay public to use, as well.

For either self-examination or clinician examination, it is important to be sys-
tematic and thorough. One suggested physical examination procedure uses a
standard sequence of “down and back” (down the anterior body, then back up the
posterior). A specific algorithm for clinicians is as follows: (1) examination of the
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face and rest of the head and neck while the patient is sitting on the examination
table; (2) examination of the scalp, which is particularly important in men with
thinning hair; (3) examination of all surfaces of the arms and hands; (4) having the
patient to lie down on his/her back for viewing of the chest, abdomen, anterior
thighs, anterior legs, dorsal feet, soles, and toe webs; and (5) having the patient turn
over for examination of the calves, posterior thighs, buttocks, and back if this
permits optimal examination over a standing position. The upper body could also be
examined when the patient is sitting or standing. Additionally, an examination of
the genitals should be offered to patients as part of the total body skin examination.
Physician inspection of skin, especially high-risk melanoma sites (trunk for men,
legs and trunk for women), should be encouraged during routine examinations, and
simply looking at the back (the site of over 30 % of melanomas in men) would be a
useful first step in promoting early melanoma detection. Early detection of a
melanoma during a clinical examination can be lifesaving as well as a highly
rewarding experience for the provider. Increasing the efficacy and implementation
of clinician skin examination, skin self-examination, and targeted population
screening may provide the greatest immediate impact the medical community can
have on reduction of melanoma mortality.

3.2 Use of Longitudinal Photography for Early Detection
of Melanoma

It is often a challenge for a clinician to distinguish an early cutaneous melanoma
from an atypical but benign nevus during the clinical examination. The overlap of
benign and malignant clinical features may lead to overlooking melanoma and/or
excising an excessive number of benign lesions [130]. This clinical scenario applies
to both unaided visual and dermoscopic examinations [120, 164].

Digital photography optimizes the monitoring of skin lesion features over time
through clinical comparison with baseline and serial photographic documentation.
Total body digital photography (TBDP) has been shown to be helpful in the
detection of changes in shape, color, or surface eventually occurring in any lesion,
and for the identification of new or regressing lesions aided by baseline and sub-
sequent imaging sessions (Fig. 1) [26, 97, 105, 132, 172, 208]. This technique is
particularly helpful in the surveillance of individuals with numerous melanocytic
nevi, including but not limited to atypical mole syndrome, or other high-risk cohorts
such as patients with a personal or family history of multiple cutaneous melanomas,
xeroderma pigmentosum, or patients undergoing metastatic melanoma treatment
with B-Raf inhibitors.

One metric of the utility of TBDP is in the benign to malignant biopsy ratio. Feit
et al. [69] reported 93 lesions biopsied in 576 patients undergoing
TBDP. Twenty-seven (35 %) of 77 melanocytic lesions were diagnosed as mela-
noma, translating to a benign to malignant ratio of 3:1. Banky et al. reported similar
benign to malignant ratios using TBDP [26]. These ratios compare very favorably
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with the ratios of 12:1 or 30:1 reported for unaided examination by dermatologists
and general physicians, respectively [26]. Of note, while the benign to malignant
ratio of biopsies is a useful indicator of diagnostic accuracy, it is also somewhat
dependent on the patient mix seen by each individual physician (e.g., a dedicated
pigmented lesion clinic in an academic dermatology department will have a dif-
ferent patient mix than that of a primary care provider). Another benefit to TBDP is
that the melanomas detected when using this technique tend to be thinner. Banky
found that 44 % of melanomas were in situ (vs. 35 % in regional controls) and that
the median thickness of the invasive tumors was 0.39 mm (vs. 0.60 mm). Lastly,
usage of TBDP can prevent unnecessary biopsies as well as decrease patient’s
worry. Hanrahan et al. conducted a randomized prospective trial evaluating the
effect of photography in the hands of PCPs and found that while there was no
difference in melanoma detection, fewer benign pigmented lesions, such as se-
borrheic keratoses, were removed when using photography [106]. Risser et al. [172]
found no difference in the rate of biopsy in a pigmented lesion specialty clinic when

Fig. 1 Total body digital photography is helpful in detecting changes in shape, color, or surface in
any lesion. Total body images are obtained for patients at high risk from melanoma, and these
patients are then on follow-up. The lesion on the patient’s right arm appeared distinctly different
than his/her other moles. In addition, some erythema was noted on the subsequent visit (right
panel). The follow-up dermoscopic image (inset) was not entirely diagnostic for melanoma.
However, when compared to the baseline image (left panel), the lesion had clearly changed. The
observed interval change increased the clinical concern for melanoma prompting a skin biopsy.
Histological evaluation confirmed the diagnosis of in situ melanoma
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photographs were used, but pointed out that the benefit from TBDP most likely lies
in patients who are not already “de-moled,” with most of the atypical nevi removed
prior to the photographs.

Sequential digital dermoscopy imaging (SDDI) involves the capture and
assessment of successive dermoscopic images separated by an interval of time and
can include single or multiple melanocytic lesions that warrant surveillance for
suspicious changes. This imaging is performed in two settings: short-term digital
monitoring (usually over a period of 3 months) for suspicious melanocytic lesions
and long-term surveillance (in most instances at intervals of 6–12 months) [143].
A recent meta-analysis grouped both short- and long-term SDDI together and
showed that the number of lesions needed to monitor one detected melanoma
ranged from 31 to 1008 depending on the clinical setting (lower numbers of lesions
were needed to find a melanoma with short-term monitoring) [179]. For every
additional month of monitoring, one additional melanoma was detected, with the
chances to detect a melanoma during surveillance shown to increase as the length of
follow-up extended. Furthermore, the proportion in situ melanoma and thin mela-
nomas detected by SDDI were higher than expected in the general population.
Taken together, the literature suggests that SDDI allows for the detection of at least
a portion of dermoscopically featureless or otherwise occult melanomas. When
used in high-risk patients or on individual suspicious melanocytic lesions, SDDI
demonstrates a significant clinical impact with melanomas detected exclusively
using SDDI in 34–61 % of these patients (Fig. 2).

The combined use of TBDP and digital dermoscopy, also known as the
“two-step method of digital follow-up,” has been primarily implemented for the
surveillance of patients at high risk for cutaneous melanoma [139]. This method has
been proposed as a more sensitive strategy in cutaneous melanoma screening, by
allowing not only the detection of dermoscopic changes over time but also detection
of macroscopic changes and the occurrence of new lesions not previously identified
for follow-up [178].

In the largest retrospective “two-step method” study published to date, 1152
lesions were excised during the surveillance of 779 monitored lesions in 618
patients at high risk for melanoma. A total of 98 melanomas were detected: 60 in
the monitored lesions and 38 among the 373 lesions that were new or undetected on
previous TBDP. The most frequent dermoscopic changes detected were asymmetric
enlargement in almost 60 % (n = 418), focal changes in structure in 197 (27 %), and
pigmentation in 122 (17 %), the latter two identified more frequently in melanomas
than in nevi (p < 0.001). No significant differences were detected between
dermoscopic and histopathological characteristics of the melanomas in each group,
with a considerable proportion of melanomas misclassified as benign in both groups
(26.3 and 38.3 %, respectively). Almost 40 % of cutaneous melanomas diagnosed
in the study corresponded to lesions that were not under dermoscopic surveillance
[177].

Challenges in the selection of lesions for SDDI include the variability in the
expertise of the clinicians, the heterogeneous appearance of the lesions, and a broad
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range of risk of cutaneous melanoma development across high-risk cohorts. Some
authors have suggested an individualized surveillance plan, with digital dermos-
copy performed at follow-up intervals of 3 months for patients with familial mul-
tiple mole and melanoma (FAMMM) syndrome and 6–12 months (depending on
additional risk factors) for those with atypical mole syndrome [12].

Another challenge is represented by patients’ compliance. During SDDI, the risk
of missing a melanoma (estimated in approximately 4 % of patients) [179] during the
baseline visit should be considered relative to the benefit of a more accurate diagnosis
at the follow-up examination, with consequent detriment of sensitivity at baseline
compensated by higher overall specificity [119]. However, most melanomas detected
during follow-up in patients with multiple nevi were false negatives in the clinical
and dermoscopical examination at the first visit [178]. In this context, the lack of
patient compliance should be carefully considered, since low adherence to digital
dermoscopy follow-up could compromise the efficacy of this approach [17].

Given the above listed benefits of longitudinal use of TBDP and dermoscopy,
one may wonder why the technology is not utilized more widely. In 2010, Rice

Fig. 2 Sequential digital dermoscopy imaging has significant clinical impact when used in
high-risk patients or on individual suspicious melanocytic lesions. Dermoscopic monitoring may
be used in limited circumstances when it is unclear whether a lesion is problematic. In this case,
the lesion had negative network features but otherwise clinically appeared benign in a patient who
had not noted changes and wished to avoid biopsy. At 3-month follow-up, architectural changes
were noted dermoscopically. The red arrow points to a new structure, and blue arrows indicate one
area where changes have occurred in the distribution of globules and negative network structures.
The lesion proved to be a Breslow’s 0.45-mm melanoma
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et al. [170] surveyed academic pigmented lesion centers and found that approxi-
mately 67 % of the 49 respondents utilized photography to monitor pigmented
lesions. The rate is lower for dermatologists who do not practice in pigmented
lesion centers. The primary reason for not using photography in the study was
logistical constraints. There is no doubt that adjuvant diagnostic tools add more
time to the already busy clinic, and they may take additional training by both the
dermatologist and staff to efficiently and effectively incorporate these useful
imaging modalities into the daily workflow. Incentives for providers to utilize such
tools should be considered, particularly for patients who are at risk for melanoma.

3.3 Use of Dermoscopy as an Adjunct to Skin
Examination

Dermoscopy, also known as dermatoscopy or epiluminescence microscopy, is a
noninvasive technique that uses a dermatoscope for the diagnosis of skin tumors
and other skin diseases [15, 19]. Evidence-based data of the highest level support
the use of dermoscopy in the diagnosis of skin cancer, including melanoma, basal
cell carcinoma, and squamous cell carcinoma [24, 121, 204]. Because of the
strength of this data, most clinical guidelines in melanoma include dermoscopy as
an essential tool for the examination of pigmented and non-pigmented skin tumors
to detect melanoma [23, 78]. This tool is most relevant and useful in clinically
equivocal cases and in the early recognition of difficult-to-recognize melanomas
[20, 46, 164] (Figs. 3, 4, and 5). Dermatologists worldwide are familiar with
dermoscopy, though effective application of the technique requires training [34,
154] and experience. In a prospective randomized study by Argenziano et al. [18], a
4-hour course on dermoscopy increased the ability of trainees to detect skin cancer,
including melanoma, in actual clinical settings. The use of dermoscopy has more
recently expanded outside the practice of dermatology and is now being incorpo-
rated into the diagnostic armamentarium of general physicians. In Australia and
Europe, teaching of the method has become standard practice for primary health-
care providers. Moreover, a study in students showed a significant, positive impact
in the recognition of melanoma after a short course on dermoscopy [112]. The
authors of the study concluded that dermoscopy should be included in medical
student education.

Basics of Dermoscopy
Dermoscopy is based on careful observation of the architecture of a selected skin
lesion via the use of an optical instrument and illumination. The instrument allows
the observer to examine the pigment (melanin, blood, or other) in the epidermis and
dermis. With the dermatoscope, it is possible to minimize the reflection of light
from the surface of the skin that would otherwise obscure the underlying structures
and limit the optimal perception of colors. Two main types of dermatoscopes are
available: polarized and non-polarized (depending on their capacity to integrate

66 S.A. Leachman et al.



cross-polarization filters). Non-polarized dermoscopy requires direct contact with
the skin and immersion liquid, including water, mineral oil, or gel. Polarized der-
moscopy does not require immersion liquid, and contact is not mandatory due to the
optical properties of the two polarization filters adapted in the dermatoscope.
Although most features observed with polarized and non-polarized dermoscopy are
similar, specific differences have been described [207].

In the case of digital dermoscopy, the optical instrument is connected to a video
or photographic camera to obtain digital images that can be visualized on a com-
puter screen. Some commercial devices have been introduced for the acquisition
and storage of images through the use of dedicated software for clinical practice.
With digital dermoscopy devices, follow-up comparisons of atypical lesions are
possible in high-risk patients, which have the potential to improve early detection of
melanoma and reduction of unnecessary biopsies, particularly in patients with
multiple atypical moles [178, 179].

Fig. 3 Clinical, dermoscopic, and histologic images of a superficial spreading melanoma,
Breslow thickness 0.9 mm. Clinical image (a). Dermoscopy (c) shows an asymmetric lesion with
multiple colors (light brown, dark brown, blue, black, and white), global globular pattern, with
presence of atypical globules, black dots, and white shiny streaks. H&E histology ×100 (b). The
presence of pigmented melanoma nests in the upper epidermis in (d, H&E histology ×200)
corresponds to black dots in dermoscopy
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Diagnosis with Dermoscopy
A variety of methods for the dermoscopic diagnosis of melanoma and other skin
tumors have been proposed by different authors in the last 30 years [16, 33, 39,
193]. These methods use a combination of features of pigmentation, patterns, and
structures of the lesion to distinguish between benign and malignant tumors. In
general, melanoma exhibits more colors and structures relative to benign lesions,
and these features are more likely to be asymmetrically distributed in the lesion. In
order to achieve the greatest diagnostic accuracy with dermoscopy, it is essential to
be aware of the histopathological correlations associated with the dermoscopic
features. The presence or absence of the structures, their distribution in the lesion,
and the presence of colors are strictly correlated to pathology with one main dif-
ference: Dermoscopy is the examination in the horizontal plane, whereas pathology
works in the vertical section of the tissue [137]. It has been postulated that
pathology and dermoscopy are particularly complementary for this reason [70].
Dermoscopy has also been effectively utilized to guide gross pathology of mel-
anocytic lesions and for sampling of archived samples in melanoma [137, 185].

Fig. 4 Clinical, dermoscopic, and histologic images of an early invasive superficial spreading
melanoma, Breslow thickness 0.4 mm located on the back. Clinical views in (a) and (b). Under
dermoscopy (c), the lesion shows asymmetry, atypical pigment network, few globules irregularly
distributed, erythema with some dotted vessels, and short white streaks. H&E histology ×40
(d) and ×100 (e). The double staining with MelanA and Ki67 shows pagetoid growth and
proliferating melanocytes in the dermis (f)
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Dermoscopic Features in Melanoma
Specific dermoscopic features are associated with melanoma [140]. Depending on
the subtype of melanoma and location on the body, different patterns can be
observed. In melanomas arising in special locations such as face, acral sites,
mucosa, or nails, dermoscopic patterns tend to be influenced by the special anatomy
of the skin and the particular growth of the tumors. During the progression of
melanoma, new features progressively appear due to the architectural disorgani-
zation and bizarre distribution of pigment and vessels associated with neovascu-
larization. In thick tumors, asymmetry in color and structures, presence of multiple
colors (blue-gray, brown, black, red, white), complex patterns (combination of
many structures in the same lesion), and particular structures characteristic of
melanoma are frequent. In contrast, in very early melanomas, dermoscopic features
of melanoma tend to be less evident and can be similar to atypical nevi. In Table 1,
we summarize the dermoscopic criteria for melanoma.

Recently, dermoscopy utilized in conjunction with other imaging techniques,
such as longitudinal digital photography or reflectance confocal microscopy, per-
mitted detection of new melanomas associated with the use of BRAF inhibitors in
the treatment of BRAF-mutated metastatic melanomas [60] (Fig. 6).

Fig. 5 Clinical and dermoscopic images of a suspicious lesion, asymmetric with black and blue
colors. Clinical image (a). Under dermoscopy (b), the lesion shows abrupt cutoff of the border,
presence of fat fingers at the periphery, comedolike openings, and milialike cysts, which favor a
diagnosis of benign seborrheic keratosis
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Table 1 Dermoscopic criteria for melanoma

Pattern Definition

Dermoscopic global pattern
Multicomponent pattern Combination of 3 or more distinctive dermoscopic

structures (pigment network, globules, streaks, blotches)

Nonspecific pattern Pigmented lesion lacking sufficient criteria to meet a
reticular, globular, homogenous, or starburst pattern
definition

Starburst pattern –

Multiple colors The presence of 5 colors in a melanocytic lesion is a
sufficient criterion for melanoma diagnosis
The combination of black and blue is a criterion for nodular
melanoma
Pink and red in a melanocytic lesion are suspicious for
malignancy

Dermoscopic specific criteria
Atypical pigment network Black, brown, or gray network with irregular holes and

thick lines

Irregular dots/globules Irregularly distributed black, brown round to oval,
variously sized structures

Irregular streaks (pseudopods
and radial streaming)

Irregularly distributed bulbous and often kinked or
fingerlike projections seen at the edge of the lesion.
They arise from network structures or the body of the
tumor. Colors range from tan to black

Blue-whitish veil Irregular, structureless area of confluent blue pigmentation
with an overlying white “ground glass” film. Pigmentation
cannot occupy entire lesion and usually corresponds to a
clinically elevated part of the lesion

Regression structures White scarlike depigmentation and/or blue pepperlike
granules usually corresponding to a clinically flat part of the
lesion

Vascular structures Irregularly distributed hairpin vessels, dotted vessels, linear
irregular vessels, vessels and/or erythema within regression
structures

Blotches Darkly pigmented homogeneous areas irregularly
distributed in melanoma

Shiny white streaks (chrysalids) Short white lines in polygonal distribution only visible with
cross-polarized dermoscopy associated with malignancy,
with melanoma, and with invasive melanoma

Rosettes Four white dots in a rhomboidal distribution, arranged as a
four-leaf clover, only visible with cross-polarized
dermoscopy

(continued)
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Table 1 (continued)

Pattern Definition

Dermoscopic specific criteria/patterns in special locations
Acral lentiginous melanoma

Parallel ridge pattern Pigmentation in the ridges of the fingerprints associated
with acral melanoma

Diffuse irregular pigmentation Geographic pigmentation in different shades of brown with
ill-defined border

Lentigo maligna and lentigo maligna melanoma

Irregular peri-follicular
pigmentation

Irregular pigmentation around follicular openings with a
c-shape

Granular annular pattern Blue-gray spots around hair follicles creating an annular
pattern

Rhomboidal structures Confluent pigment around hair follicles that with
progression may also invade follicular areas

Isobars A circle in a circle surrounding a follicular opening

Pink-red rhomboidal structures Erythema around follicular openings focally seen in early
invasive lentigo maligna or amelanotic melanoma

Fig. 6 Clinical, dermoscopic, and histologic images of a cutaneous lesion on a metastatic
melanoma patient undergoing treatment with a BRAF inhibitor. Clinical (a and b) and
dermoscopic (c, d, and e) images of two lesions on the back that presented with changes over a
1-month period of digital follow-up. Dermoscopy in November 2013 (d) and dermoscopy in
December 2013 (e). Both lesions were excised. The lesion on the right showed growth and
increase in pigmentation and was diagnosed as a severely dysplastic nevus, but melanoma in situ
arising in a nevus could not be ruled out. H&E histology ×200 (f)
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4 Advanced Technological Methods for Melanoma
Detection

4.1 Beyond Visual Dermoscopy: Machine Vision
in Melanoma Detection

Machine vision here refers to optical imaging and image processing, which extends
the vision of the dermatologist. Machine vision is an area of technological growth
in dermatology. Optical imaging can use light outside the visible spectrum to see
what the eye cannot see. For example, near-infrared light can probe deeply into
darkly pigmented lesions that appear black to the eye. Optical imaging can also use
visible light with spectral analysis to quantify skin constitution that the eye cannot
easily recognize. For example, spectral analysis can distinguish the amount of blood
perfusion despite variation in melanin pigmentation or dermal scattering. Analysis
of optical images can detect patterns and statistical metrics that are not easily
recognized by the brain, for example, the statistics that characterize the branching of
melanin pigment networks to recognize melanoma.

Machine vision can be based either (1) on a priori understanding of the mech-
anism underlying the spectrum or image or (2) on statistical development of a
discriminator between two tissue states. The first approach is based on an under-
standing of how the measurement or image features depend on the tissue compo-
sition or structure. The advantage is that variation in observations can be interpreted
in terms of variation in tissue composition or structure. The second approach
correlates measurements or image features with tissue status, based on a training set
of tissue types known by gold standard histopathological, biochemical, or clinical
diagnosis to be either in one state or another, for example, normal versus patho-
logical. The advantage is that a discriminator can be identified that optimally dis-
criminates between a normal and pathological state, even when the tissue
composition or structure responsible for the discrimination is not understood.

Two aspects of machine vision are illustrated here by examples. They include
(1) image acquisition through hyperspectral imaging, reflectance confocal micros-
copy, and photoacoustic imaging; and (2) image analysis.

Hyperspectral Imaging
The term “hyperspectral imaging” refers to the use of wavelengths beyond the
visible spectrum seen by the eye. Images acquired using two or more wavelengths
can be algebraically combined to yield a new image sensitive to a particular tissue
component. For example, Kollias and Baqer [124] showed that the metric
log(R(650 nm)/R(720 nm)), where R denotes reflectance, 650 nm is deep red light,
and 720 nm is deeper red light, was proportional to the epidermal melanin content.
Thus, two images at these 2 wavelengths can be combined to map the x,y spatial
distribution of melanin in the skin.

Ultraviolet A (UVA) light penetrates skin only superficially and is strongly
absorbed by melanin. Hence, images of superficial skin structure are acquired
(*upper 100 μm). Near-infrared light penetrates skin deeply and is absorbed by
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melanin, blood, and water. Hence, images of the deeper skin structure are acquired
(*upper 1 mm).

Figure 7 shows a multispectral image set acquired using 4 differently colored
light-emitting diodes (LEDs) to provide illumination, from invisible UVA to visible
deep red. The UVA-illuminated image (Fig. 7 at 364 nm wavelength) clearly
displays the superficial pigment, while in longer wavelength images (Fig. 7b–d
using blue 488, red orange 598, and deep red 678 nm light), the pigmented lesion
fades. Nevertheless, the image taken with deep red light illumination (Fig. 7d)
reveals the thicker, denser, and/or deeper pigment.

While melanin absorption is an obvious marker for melanoma, light scattering
may also prove useful. Garcia-Uribe et al. [79] have reported that light scattering
increases in melanoma (benign nevi < dysplastic nevi < melanoma); hence, light
scattering may be an additional metric for discriminating melanoma versus benign
nevi.

When imaging pigmented lesions, hyperspectral imaging primarily utilizes
photons that have penetrated into the skin, backscattered from the dermis, and
transmitted through epidermis to escape at the skin surface. Thus, it is a form of
transmission imaging where the light source originates in the dermis. The key

Fig. 7 Multispectral imaging
of a common nevus in
sun-damaged skin. Imaging at
the wavelengths 364 nm (a),
488 nm (b), 598 nm (c), and
678 nm (d) with correlating
standard dermoscopy (e) as
well as a reconstruction of the
red/green/blue image from
the multispectral data (f) that
is calibrated in reflectance
units (Images by D. Gareau)
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advantages of hyperspectral imaging are its ability to rapidly survey macroscopic
fields of view and its relatively low cost.

Reflectance Confocal Microscopy (RCM)
Reflectance confocal microscopy (RCM), or confocal laser scanning microscopy
(CLSM), is sensitive to backscatter of light by melanosomes, which are highly
reflective [168]. RCM can detect pagetoid melanocytes in the epidermis, which
correlate with melanoma, and a disorganized melanosome distribution along the
epidermal–dermal junction (DEJ) that sometimes occurs in melanoma [80, 156].
Busam et al. [45] offered a commentary on the strengths and weaknesses of RCM
for the detection of melanoma. Scope et al. [184] provided a glossary of termi-
nology for RCM.

Wiltgen et al. [212] studied 50 malignant melanomas and 50 benign pigmented
nevi and reported that RCM images of common benign nevi showed more archi-
tectural structures and contrast than images of malignant melanoma, which
appeared more homogeneous. Guitera et al. [101] described a study of melanoma
lesions versus nevi, basal cell carcinoma, and other skin tumors, which cited seven
RCM features (cerebriform nests, atypical cobblestone pattern with small nucleated
cells in the epidermis, marked cytological atypia, pagetoid cells, and disarranged
epidermal layer with no honeycomb pattern) that associated with melanoma. They
reported 87.6 % sensitivity and 70.8 % specificity. Braga et al. presented a com-
parison in six cases of RCM features versus dermoscopic and histopathologic
features [40]. Pellacani et al. reported on RCM of 100 melanoma lesions, distin-
guishing four types of melanoma: (1) “dendritic cell melanomas,” (2) melanomas
typified by roundish melanocytes, (3) melanomas characterized by dermal nesting
proliferation, and (4) combined-type melanomas [158].

Photoacoustic Imaging (PAI)
Photoacoustic imaging (PAI) uses a focused pulsed laser to deliver light to a focal
spot within the skin and detects the sound generated by thermoelastic expansion
due to absorption of light. Scanning the laser focus in x, y, and z throughout the
volume of a pigmented lesion yields a 3D image of the lesion [68]. Hence, PAI is
especially sensitive to melanin, which strongly absorbs light. PAI is a rapidly
developing imaging modality that will likely contribute significantly to noninvasive
in vivo imaging of the 3D structure of pigmented lesions.

Image Analysis
Automated image analysis can recognize edges for segmentation of tissue types and
detect spatial patterns and textures in existing images to yield new images that
enhance contrast of optically perturbing structures such as cancer or pigmented
lesions. Image analysis algorithms can be applied to dermoscopic images to reveal
pathological versus normal morphology or to generate a quantitative end point
metric for classification, that is, the percent chance that a pigmented lesion is
melanoma.
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Early work by Cascinelli et al. [48] quantitatively analyzed image features such
as lesion edge, morphology, texture, and color to obtain a positive predictive value
of 0.45 and a negative predictive value of 0.95. Subsequent analytical methods
included the use of geometries and Burroni’s islands of colors [14]. Bauer et al. [30]
used such features to obtain a positive predictive value of 0.87 and a negative
predictive value of 0.99. Table 2 compares the sensitivities and specificities of
recent computational approaches in comparison with algorithms used in dermos-
copy with visual inspection.

Wiltgen et al. [212] discussed the classes of image analysis features in RCM
images for discriminating malignant and benign melanocytic lesions. Koller et al.
[123] studied a large number of RCM images (10,122 test images, after 6147
images in a training set) using CART (Classification and Regression Trees) analysis
software (Salford Systems, San Diego, CA). They reported rather poor discrimi-
nation of melanoma versus benign nevi, which they attributed to non-standardized
image acquisition, and cautioned that better results may rely on standardized
acquisition. Gareau et al. [80] reported an image analysis algorithm for using RCM
images to detect a disrupted dermal–epidermal junction (DEJ) in melanoma.
Kurugol et al. [127] developed an algorithm incorporating texture analysis to use
RCM images to localize the DEJ, which may prove useful in identifying a disrupted
DEJ.

An example of image analysis is the skeletonization of the pigmented network in
dermoscopic images of pigmented lesions. Statistical analysis of the branches in the
pigmented network can yield the regularity among branch segments as a quantifi-
able metric. Figure 8 shows the use of an algorithm to find a diagnostically relevant
feature, the coefficient of variation (COV) of branch lengths in the pigmented
network. The standard deviation of the branch lengths divided by the average
branch length (the COV) is 0.312 for Fig. 8b but 1.077 for Fig. 8d, indicating that
the second lesion has more branch length variability. This COV metric is expected
to grow with increasing atypical pigmented network features and may prove to be a
useful quantitative descriptor indicating a suspicious lesion.

Table 2 Sensitivity (Se) and
specificity (Sp) of melanoma
detection reported for various
algorithms in research studies

Se (%) Sp (%)

Pattern analysis [171] 85 79

ABCD [171] 84 75

7-point checklist [171] 78 65

CASH [171] 98 68

Menzies method [171] 85 85

*SIAscopy (European cohort) [65] 50 84

*SIAscopy (Australian cohort) [65] 44 95

*Solar scan [144] 91 68

*Pre-melafind 1 [72] 98 44

*Pre-melafind 2 [72] 91 38

Computer-automated analyses are marked (*). Visual analyses are
unmarked
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In summary, optical imaging and image analysis can characterize pigmented
skin lesions and contribute to the discrimination of benign nevi, dysplastic nevi, and
melanoma. Dermoscopy, hyperspectral imaging, confocal reflectance microscopy,
and photoacoustic imaging are examples of image formation. Image analysis can
use such images to yield new images based on spectral behavior, spatial patterns,
and textures that characterize pigmented lesions.

4.2 In Vivo Confocal Microscopy

Historical Development
The microscope (invented in the 1500s in the Netherlands) was developed by
Galileo. Galileo created the first compound microscope in 1625, enabling the dis-
covery of the cell by Robert Hooke in 1665. The LASER, demonstrated in 1960
and reported in 1962 [135], became a powerful tool in combination with the
confocal microscope [145], though initial optical sectioning of biological tissue

Fig. 8 Computer-automated identification of the pigmented network in two lesions. The original
images are (a) and (c), and the images with computer-identified networks superimposed are
(b) and (d) (Images by D. Gareau)
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used white light [161]. Rapid laser scanning microscopy was demonstrated for
noninvasive skin imaging in 1995 [168] and improved to video rate in 1999 [166].

The reflectance confocal microscope has potential for clinical translation in
dermatology thanks to engineering of rapid polygon scanning, which enabled video
rate imaging [166–168] and a stable mechanical interface for skin coupling. The
commercialized VivaScope (Caliber ID, Rochester, NY), which has 1 micrometer
lateral resolution, 0.75 mm field of view, and temporal resolution of *10 image
frames per second, achieves excellent resolution and contrast in epidermis.
Reflectance mode confocal scanning laser microscopy (RCM) enables en-face
(horizontal plane) dynamic visualization of cellular and architectural morphology
in vivo. The ability to observe cellular details is a key advantage of RCM over other
noninvasive skin imaging techniques such as high-frequency ultrasound [115, 126]
and magnetic resonance imaging [194]. Recent advances in optical coherence
tomography [55] are beginning to improve the resolution to the cellular level.
Though promising, these results are not widely confirmed, and it remains to be seen
whether optical coherence tomography will undergo the massive clinical translation
seen with RCM since 1995.

Resolution
RCM implements optical sectioning (instead of conventional physical cryostat
sectioning) by measuring the light that reflects off a 1 μm spot where the laser
focuses. The 1 μm laser spot size dictates the spatial resolution, which is about
1 μm. The time resolution is about 10 Hertz, which is 10 frames per second on a
monitor screen.

Penetration
In RCM, light penetrates to a subsurface focus of the laser and reflects back from
that focus out of the skin and into a detector in the microscope. Light that reflects
superficially to the focus is eliminated, and so if the focus is too deep, there will be
no signal. Because the laser must propagate into the skin and from the subsurface
focus back to the detector in the microscope, the depth penetration of RCM is
limited to 100–200 μm in human skin at the 830 nm laser wavelength used in the
commercial system. Longer wavelengths (e.g., 1064 nm) penetrate more deeply,
and shorter wavelengths (e.g., 488 nm) offer superior resolution at the cost of
resolution or penetration, respectively. The variability in the imaging penetration
depth also depends on natural variation in the concentration of reflective compo-
nents composing skin such as keratin, collagen, and melanin.

This process is (1) noninvasive, as enabled by the optical sectioning confocal
principle; (2) painless because the laser power is <10 milliwatts; (3) safe because
the laser wavelength, 830 nm, is near-infrared light that does not damage DNA; and
(4) rapid compared to biopsy and histological analysis, requiring a few seconds for
the acquisition of single images (up to 0.75 × 0.75 mm) up to 10–20 min for the
acquisition of 3–5 full mosaics at different depths covering an area up to 8 × 8
square mm, which is usually needed for melanoma differential diagnosis.
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In the commercialized VivaScope® 1500, which is mounted on an articulating
arm, a plastic window with an adhesive outer ring is affixed to the skin, enabling
large mosaics which effectively increase the field of view from a single 0.75-mm
image to up to 8 mm. The handheld version of the device (VivaScope® 3000) only
affords a series of 0.75 × 0.75 mm images. Figure 9 shows a representative set of
images.
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Contrast
The appearance of normal skin in RCM is characterized by similarly sized and
shaped cells, whether appearing in the honeycomb pattern in the spinous and
granular layers or the cobblestone pattern of the basal layer. Additionally, the
appearance varies according to Fitzpatrick skin type, sun exposure, age, and
physiological condition [110, 131]. The RCM features of a wide range of pathol-
ogies [96, 109] have been described in the literature. However, new imaging
modalities require training that can be supported by understanding the mechanism
of contrast. The mechanism of contrast in reflectance confocal microscopy is the
naturally occurring microscopic differences in refractive index that exist in bio-
logical tissue. The advantage of this contrast mechanism is that it is endogenous,
but the disadvantage is that it is nonspecific, which means pattern recognition is
required to interpret the biological meaning of the anatomical features observed in
confocal micrographs. Reflectance (optical scattering) occurs when microscopic
components of high refractive index (n) lie in surrounding media of low refractive
index. One example is keratin (n1 = 1.40) in cytoplasm (n2 = 1.34). An even
stronger scattering component is melanin because its refractive index is n1 = 1.72.
The difference in refractive index Δn = n1 − n2 is larger (0.38) for melanin in
cytoplasm than (0.06) for keratin in cytoplasm or collagen in the dermis. Therefore,
melanin appears brighter than keratin or collagen.

Melanoma Pathology
Clinical melanoma diagnosis is exceptionally challenging, and the use of confocal
microscopy has been extensively researched [42, 44, 94, 128, 159]. The key
diagnostic RCM melanoma features in the epidermal layers are enlarged atypical
cells with pleomorphic morphology including stellate, oval, and fusiform types,
nuclei that are enlarged, and coarse dendritic processes. These features have also
been reported in clinically amelanotic melanomas [44]. Alteration of the architec-
ture at the dermal–epidermal junction and aggregates of atypical cells clustering
into nests at the junction and in the dermis are also clues for melanoma identifi-
cation [157]. In the case of small melanomas, which are particularly difficult to

b Fig. 9 Confocal reflectance microscopy images (0.75 × 0.75 mm each) of skin. The layered skin
architecture (a) is shown in sequentially deeper optical sections (b–i). The superficial section
(b) shows the bright peripheral ring of the plastic window surface; bright, stratified keratin
structure; and faint dark nuclei in the stratum granulosum (arrow, 25–35 μm diameter). The upper
stratum spinosum (c) contains keratinocytes (12–25 μm diameter) in a honeycomb pattern. The
deeper stratum spinosum (d) has a greater number of smaller keratinocytes. Suspected pagetoid
melanocytes (e) lie above surface of the stratum basale (f), where basal cells form a cobblestone
appearance. Basal cells (g) form bright rings around dim reticulated fibers around dark circles that
are capillaries (arrow). The optical section (h) that bisects the rete pegs shows the spinous
epidermis (E), basal layer (B), and papillary dermis (D). In the deep optical section (i), the collagen
dermis that would show individual fibers is blurred. The arrow indicates the deepest basal layer
cells. Additional images shown here include pagetoid pleomorphic melanocytes in the epidermis in
a melanoma (j), junctional aggregates and sheets of pleomorphic malignant melanocytes in a
melanoma (k), and compact nests of melanocytes in a nevus (l). Note Confocal images not all from
the same patient
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diagnose with dermoscopy, one report [165] suggested that RCM microscopic
morphologies, such as the presence of at least five pagetoid cells per mm2, tangled
lines within the epidermis, and atypical roundish cells at the dermoepidermal
junction, were characteristics of melanoma. The diagnostic sensitivity and speci-
ficity of RCM reported in the literature is widely variable because each study
reports on a data set selected by particular researchers and has been analyzed by
clinicians and pathologists with particular training. Table 3 provides an overview of
the published reports.

In clinical practice, RCM should be considered as an adjunct to dermoscopy,
since it should be performed on selected lesions, and feature interpretation should
consider the dermoscopic background. Systematic use of RCM in a prospective
cohort of over 1000 patients reduced the number of excisions needed (as deter-
mined by the number of benign lesions removed to find one melanoma) from 14.6
to 6.8, also reducing the number of lesions requiring referral for digital dermoscopy
monitoring [160].

Future Directions
Challenges to the clinical utility of RCM include the time required to acquire
confocal images, the awkwardness of the physical device, and the fact that confocal
images are both difficult and time-consuming to read. The hardware issues are being
addressed by investigation of line scanning as a rapid and simpler (i.e., smaller
package) alternative to point scanning [4, 62, 81].

Image interpretation remains difficult because of qualitative and quantitative
challenges, both of which will likely be eased by computer vision approaches in the
future. To qualitatively assess tissue morphology, extensive training is required.
Although the number of healthcare professionals trained to read RCM is growing
and consensus terminology [184] is taking root, RCM remains slow to expand to its
full diagnostic promise in dermatology. Automated computer image analysis has
great potential to guide novice readers by illustrating features that it can quantita-
tively identify through image processing. RCM images should be standardized by
the absolute reflectance from the window surface that contacts the skin and then
processed digitally to generate metrics that can be numerically compared to a
threshold to generate a diagnostic classification such as nevus, dysplastic nevus, or
melanoma. Ultimately, it will likely be shown that the threshold will be nebulous
and that dysplasia can be quantitatively scored on a scale from benign to malignant.
A convenient property of digitally rendered diagnoses is that they can be rapidly
evaluated against a set of “melanoma diagnosis threshold” scores to generate the
receiver–operator characteristic of the diagnostic. Such a system would allow
dermatologists to “dial in” their desired level of conservative tendency when
choosing how aggressively to biopsy.

Preliminary works have included automated identification of pagetoid melanoma
cells [80], identification of the dermal/epidermal junction [80, 127], and the iden-
tification of the honeycomb keratinocyte pattern in the spinous and granular epi-
dermis. Though sensitivity/specificity studies have not yet tested these three
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characteristics for computer-automated diagnostic purposes, a study that used
human analysis [159] achieved sensitivity/specificity of 78/70, 90/59, and 88/52 %
based on the three single characteristics, respectively. Future work will undoubtedly
develop computer vision metrics that attempt to mimic the human-documented
[184] patterns. Perhaps the most exciting potential is that of machine vision as
instructive and educational, elucidating morphological patterns that sensitively and
specifically detect melanomas that are not easily perceived by humans.

4.3 Optical Coherence Tomography

How It Works and the Gaps It Fills
Optical coherence tomography (OCT) is a safe, fast, noninvasive, cross-sectional
in situ imaging system. It is commonly compared to ultrasound because both
techniques use reflected waves to reconstruct an image. While ultrasound can
measure the time of flight of sound waves, the speed of light is too fast and therefore
interferometry methods are used. Interferometry splits a light source into two paths,
and differences in the lengths of the two paths cause the two light sources to
interfere with each other when recombined. In OCT, one part traverses a reference
path terminated with a mirror and the other traverses a sample path where the tissue
structures absorb or scatter the light.

For the near-infrared wavelengths typically used, scattering and not absorption is
the dominant effect, resulting in a sufficient number of photons being reflected back.
These reflected photons from the tissue sample constructively and destructively
interfere with the reflected photons from the reference arm to generate the interfer-
ence signal. This interference signal can be measured by a variety of sensing devices
depending on system design and the principal wavelength of the light source.

Most OCT systems use broadband light sources to create one-dimensional
images of reflecting structures in tissue at a given spot. These are sometimes called
axial scans or A-scans. Sets of A-scans are typically acquired in a raster scanning
pattern and assembled into 2D cross-sectional images that can then be stacked to
form 3D volumes. Capturing multiple A-scans at a single location over time is used
to create functional images involving dynamic tissue properties. Measuring blood
flow [49] and the mechanical response to vibration [206] are two examples of
functional imaging.

Two broad classes of OCT are in use today (Fig. 10): time domain OCT
(TD-OCT) and Fourier domain OCT (FD-OCT). TD-OCT was the first to be widely
deployed in ophthalmology settings and uses a moving reference arm mirror and a
photodetector to identify reflections in tissue samples. FD-OCT measures the
interference at each frequency of light and uses the Fourier transform to convert
frequency domain measurements into spatial domain values. FD-OCT itself has two
principal variants: spectral domain OCT (SD-OCT), which uses a diffraction grating
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and a line scan camera to measure all the frequencies at once, and swept-source
OCT (SS-OCT), which uses a tunable light source and a balanced detector to
measure each frequency individually. Both FD-OCT methods are faster than
TD-OCT and have a better signal-to-noise ratio [58].

Many further variations on these general classes of OCT exist.
Polarization-sensitive OCT detects birefringence changes in tissue. Microscopy
variants, called optical coherence microscopy (OCM), add transverse resolution
enhancements to increased axial resolution abilities. Full-field versions blend the
best parts of reflectance confocal microscopy with OCM. These are just some
examples of the OCT innovation that continue to grow at a rapid pace.

In all of these designs, the axial resolution is proportional to the square of the
center wavelength of the light source and inversely proportional to the bandwidth of
the light source: Dz ¼ 2 ln 2ð Þk2=ðpDkÞ where Δz is the axial resolution and Δλ is
the light source full-width half-maximum (FWHM) bandwidth. Broadband light
sources are therefore used to create good axial resolutions. Smaller center or
principal wavelengths also contribute to better axial resolution. Most of the initial
work in OCT has been based on available light sources and optics developed for the
telecommunications industry [181], which means the most common principal
wavelengths are around 800, 1300, or 1550 nm. With the increased attention on
OCT, new light sources, sensors, and optics are now in development driven by the
biological application. However, because of its availability and its ability to pen-
etrate more deeply [13], OCT systems using light sources with a center wavelength
of around 1300 nm are most commonly reported in dermatology applications. Axial
resolutions for commercially available systems now range from 5.5 to 16 µm.

Fig. 10 Generic fiber-based OCT schematic. For TD-OCT and SD-OCT, the light source is
usually a super-luminescent diode (SLD), while for SS-OCT, it is usually a tunable laser. In
TD-OCT, the reference arm mirror moves; for other types, it is fixed. The detector in SD-OCT is a
spectrometer, and in others, it is usually a balanced photodetector. Details of the optics and
components, such as optical circulators and polarization controllers, vary significantly between
designs and have not been included
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Lateral resolutions are dictated by the optics of each system. One of the benefits
of OCT is the ability to obtain good axial resolution while positioning the optics a
distance away from the sample. This is accomplished using low numerical aperture
(NA) sample optics and facilitates, for instance, imaging retinas from several
centimeters away. For dermatology applications, this creates a trade-off: Low NAs
create a more uniform lateral resolution through the tissue sample at depths of up to
2 mm, while higher NAs are used to create better lateral resolution at the expense of
imaging depth. For low NA systems, this lateral resolution is typically between 5
and 15 µm [61, 202]. Recent interest in OCM, which uses high NA optics coupled
with very broadband light sources, yields both high axial and high lateral resolu-
tions at the expense of depth of field [111]. A variation on this idea is full-field OCT
(FF-OCT), which creates en-face images similar to confocal microscopy but with
the ability to image more deeply [55]. Recently, a high-definition OCT (HD-OCT)
has been introduced with cellular resolution [36]. Different non-melanocytic and
melanocytic skin tumors have been described with HD-OCT with histopathological
correlation [37, 38, 133, 134].

This ability to image up to 1 mm in HD-OCT and 2 mm with HD of tissue
coupled with axial and lateral resolutions measured in microns positions OCT
between confocal laser scanning microscopy (CSLM) and high-frequency ultra-
sound (HFUS) in terms of resolution and depth penetration. OCT has better reso-
lution than HFUS but worse resolution than CSLM. OCT has better depth
penetration than CSLM but worse than HFUS.

For more details on how OCT works, see [41, 73, 162].

Strengths/Weaknesses
For dermatology applications, OCT has long been heralded as a potential diagnostic
solution that does not require invasive surgery, does not alter the sample mor-
phology, and can be repeated over time for the same suspicious lesion. Unfortu-
nately, the resolution of OCT is still insufficient to replace histopathology where
cellular differentiation is required [59]. In the case of HD-OCT, cellular resolution
is achieved but with some limitations (compared to confocal microscopy) that are
critical in the recognition of melanocytic lesions, such as the possibility of differ-
entiating dendritic cells. At the same time, the field of view compared to confocal
microscopy with HD-OCT is reduced to 1.3 mm that in the study of melanocytic
lesions makes a diagnostic conclusion difficult. These limitations may be not rel-
evant in the recognition of epidermal tumors including actinic keratosis, squamous
cell carcinoma, or basal cell carcinoma. Future integration of OCT, HD-OCT, and
confocal microscopy may be very promising due to the complementary information
that they allow one to visualize. In the case of OCT, even though the histopathology
correlates may be missing, several studies suggest OCT is capable of revealing
microstructures in skin that correlate well with known morphological changes
introduced by various diseases [51, 141, 146, 147, 215]. Most of the promising
research thus far has been in the area of non-melanoma skin cancers. A cautionary
study showed basal cell carcinomas could be differentiated from normal skin, but
the subtypes could not be discerned [75].
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Melanoma detection is still an area of active investigation and will remain so as
the resolution of OCT continues to improve. On the one hand, de Giogi et al. [59]
attempted to correlate histology, dermoscopy, and OCT on 10 patients without
significant success. They concluded that a differential diagnosis between melanoma
and benign melanocytic nevus using OCT was not possible. In contrast, another
group attempted to characterize melanocytic skin lesions using OCT in vivo as
either melanoma or benign nevus. They assessed 92 lesions from 75 patients and
carefully validated the results histologically [75]. The most significant differences
found were that melanomas showed marked architectural disarray and lacked clear
dermoepidermal borders compared to benign nevi. Other differences were identified
in the study, and their conclusion was that micromorphologic features visible in
OCT have the potential to be used as discriminating features. Caveats included the
inability to subclassify the benign nevi and the need for further sensitivity and
specificity studies with other types of skin tumors.

Availability/Usability
The general assessment for using OCT to diagnose melanoma is that it is still in the
“promising stage” and will continue to improve, but it is not quite ready for clinical
practice [142, 147, 155, 191].

At present, OCT is limited to assessment of tissue microstructures and cannot
provide cellular features visible in traditional histopathology or CSLM, though it
can provide in situ imaging at deeper depths than CSLM. Nevertheless, the clinical
community continues to wait for significant advances before adopting OCT as a
diagnostic tool. Meanwhile, vendors are beginning to produce tools so providers
can at least begin experimenting and learning more about the capabilities and
limitations of OCT [74, 142].

OCT and HD-OCT have become a very active area of research, especially in the
last decade [216]. There has been a proliferation of novel enhancements and
advances, from the significant improvements in light sources and sensing devices to
the introduction of new designs and software processing algorithms. Despite the
current limitations, most authors continue to be optimistic that continued
improvements will finally enable OCT to fulfill its promise as a vital tool in clinical
practice.

4.4 Electrical Impedance and Ultrasound Detection
Technologies

This section presents an introduction to two modalities for detecting and/or imaging
melanoma. These include (1) electrical impedance spectroscopy (EIS) and
(2) high-frequency ultrasound (HUS).

Electrical Impedance Spectroscopy (EIS)
The electrical impedance of a tissue largely depends on (1) ions and (2) membranes.
More specifically, the key factors are (1) the concentration and mobility of charged
ions and (2) the presence of tight junction membranes, cellular membranes, and
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macromolecular surfaces against which the ions can move to capacitively store
energy. Hence, electrical impedance can characterize both the extracellular matrix
and the intracellular matrix within which ions move as well as the membranes (and
surfaces) that can support charge separation. The influence of ion mobility will
decrease if the tissue is less hydrated, the matrix is denser, or the number of ions is
low. The capacitive effect will decrease if the membranes are leaky or there are
fewer membranes.

The electrical impedance of skin when measured by topical application of
electrodes is dominated by the high resistance of the stratum corneum. Changes in
stratum corneum hydration or structure can be followed by electrical measurements
at low frequencies (<1 kHz). To measure the living epidermis and dermis, the
stratum corneum must be bypassed. Tape stripping can remove the stratum cor-
neum to allow electrical measurements of the underlying skin layers. Alternatively,
microneedles serving as electrodes can penetrate the stratum corneum, thereby
placing the electrodes in direct contact with the underlying skin layers [100]. The
SciBase system uses such microneedles (SciBase Inc., http://www.scibase.se). For
the detection of melanoma, the influence of the stratum corneum must be bypassed.

Electrical measurements in tissues have been studied for some time [71, 183,
214]. Plus and minus charges that accumulate on either side of a membrane will
store electrostatic energy, which can be described as a capacitance C [Farads]. The
movement of ions imparts a loss of energy due to frictional forces that heats the
tissue. The mobility of the ions can be described by conductance, and the inverse of
conductance is resistance R [ohms]. There is a time constant for charging of a
capacitor, τ = RC [s]. If an alternating current (AC) is applied to the skin, the
capacitance due to membranes and macromolecular surfaces will charge to 63 % of
maximum in a time period of τ seconds. If the frequency (f [Hz] or [cycles/s]) of the
AC is low (fτ ≪ 1), the capacitance will fully charge. If the frequency of the AC is
high (fτ ≫ 1), the capacitance will not charge because the ions will just jiggle in
place but not move over any appreciable distance. The energy loss due to heating
(which is negligible in diagnostic measurements) is maximum when the frequency
matches the time constant (fτ ≈ 1), since the ions are constantly moving to charge
and then discharge the membrane capacitors. So the time constant τ or the center
frequency fc = τ/(2π) is a key parameter that characterizes the frequency dependence
of electrical impedance.

There can be a variety of local domains with distinct membrane surfaces and ion
mobilities, which have distinct values of fc,domain. Hence, the observed dispersion
centered around the fc of the population of domains will broaden as the heterogeneity
of local domains increases. This broadening is described by the factor a, where the
capacitive energy storage, expressed as the real permittivity (ε′), behaves propor-
tional to 1=ð1þ ðf=fcÞ1�aÞ, which equals 1 at low f and zero at high f. Figure 11
shows the behavior of a generic dispersion centered at fc and the effect of increasing
heterogeneity (a increasing from 0 to 0.5). The real permissivity (ε′) describes
capacitive energy storage, and the imaginary permissivity (ε″) describes the dissi-
pative frictional losses of ion movement.
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There are several types of capacitive charging with different characteristic fc,
called dispersions. The movement of ions up against tight junction membranes or
other rather macroscopic membrane surfaces (including electrodes) involves large
ion movements through the extracellular matrix, and hence, the time constant of
charging (τ) is large and fc is low, approximately in the 1 Hz to 10 kHz range. This
process is called the α dispersion. The movement of intracellular ions up against
cell membranes and macromolecular surfaces involves shorter range ion move-
ments; hence, the τ is short and fc is high, approximately in the 1 kHz to 100 MHz
range. This process is called the β dispersion. The rotation of dipoles, such as
bound water, amino acid side groups, and other small molecules, occurs at very
high frequencies, approximately in the 100–1000 MHz range, and is called the δ
dispersion. At *10 GHz, the rotation of free water occurs and is called the γ
dispersion.

Fig. 11 A generic dispersion of electrical impedance. This example shows a central frequency (fc)
of 104 Hz. a The real permittivity (ε′) is high at low frequencies, where membranes block DC
current and capacitive charging of membranes by ions stores energy. At high frequencies, the
impedance is low where ions are free to move, but they oscillate so fast and cannot charge the
membranes, so energy storage is low. b The imaginary permittivity (ε″) shows the energy losses
maximizing at the central frequency fc, where the rate of charging and discharging the membranes
by ion movement optimizes the energy dissipation by frictional losses. The factor a characterizes
the heterogeneity of the dispersion. Each local domain has its own local unique fc.domain, and a
distribution of domains will have a net broadened fc. As the heterogeneity increases, the
a increases from 0 to 0.5
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Most studies on skin are conducted in the frequency range of the α and β
dispersions. Figure 12 shows a typical dispersion spectrum of the real permissivity
versus frequency for tape-stripped skin. The frequency ranges for the α and β
dispersions of skin are much lower than the ranges for soft tissues. The α of skin
is *11 Hz, while the α for soft tissue is in the range 100 Hz to 10 kHz. The β of
skin is *64 kHz, while the β for soft tissue is in the range 100 kHz to 1 MHz. Not
shown are data reported using the SciBase system [3], which are similar to the β
dispersion data in Fig. 12.

Clinical EIS Studies of Melanoma
The use of electrical impedance spectroscopy (EIS) to detect skin cancer followed
early work by Stig Ollmar on using EIS to detect effects on the skin barrier
function. Additionally, the thesis by Åberg is recommended [1]. There is significant
inter-subject variability in the parameters that describe the permissivity dispersion
of skin sites. Therefore, comparisons are always made relative to a nearby normal
skin site on a subject. Investigators using the SciBase system use principal com-
ponent analysis (PCA) to analyze data, relying on training sets to train the algo-
rithm. For example, the sensitivity to malignant melanoma was reported to be 95 %
(59/62) and specificity to be 49 % (72/148) [2]. However, the PCA description does
not inform about the variation in tissue structure caused by melanoma. Such clinical
studies report only the PCA analysis and do not report the dispersion spectra that
might inform about mechanism of contrast. In a recently published multicenter

Fig. 12 Measurements of the permittivity of tape-stripped skin show the electrical behavior of the
viable skin tissue. The data (blue circles) are from [214]. There are two apparent dispersions. In
this particular skin site, the α dispersion (black dashed line) is centered around 11 Hz (and a
potential contribution from polarization of the electrodes is not clear) and is attributed to ions
moving through the extracellular space to charge tight junction membranes. The β dispersion (red
dashed line) is centered around 64 kHz and is attributed to intracellular ion movement to charge
cellular membranes. The data measured by the SciBase system (not shown) [3] aligns with the β
dispersion data in this figure but with a lower fc
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prospective blinded study with SciBase, 1951 subjects with 2416 lesions were
enrolled; 1943 lesions were eligible and evaluable for the primary efficacy end point
(including 265 melanomas—112 in situ and 153 invasive melanomas with a median
Breslow thickness of 0.57 mm, 48 basal cell carcinomas, and 7 squamous cell
carcinomas). The observed sensitivity of Nevisense was 96.6 % (256 of 265 mel-
anomas) with an exact one-sided 95 % lower confidence bound estimated at 94.2 %
and an observed specificity of 34.4 % with an exact two-sided 95 % confidence
bound estimated at 32.0–36.9 %. The positive and negative predictive values of
Nevisense were 21.1 and 98.2 %, respectively. The observed sensitivity for
non-melanoma skin cancer was 100 % (55 of 48 BCC and 7 SCC) with an exact
two-sided 95 % confidence bound estimated at 93.5–100 % [138].

In summary, EIS is a low-cost and simple measurement for topical assessment of
skin and is reported to be responsive to the changes in skin properties caused by
melanoma. The ion mobilities of the extracellular and intracellular spaces, the status
of membranes that can be charged by ions, and the heterogeneity of local domains
contribute to the signals. The use of microneedles for perforating the stratum cor-
neum and serving as electrodes in direct contact with the epidermis is an especially
welcome innovation. More reports of the frequency spectra data from the EIS
measurements would be welcomed and potentially could elucidate the contrast
mechanisms underlying melanoma detection.

Ultrasound detection of melanoma
High-frequency ultrasound (HUS) is another method for detecting melanoma. An
ultrasound transducer delivers high-frequency pressure waves to the skin and col-
lects time-delayed reflected waves. The time delay corresponds to the round-trip
propagation of the waves to some depth and then back to the surface for detection.
Like a radar system, the ultrasound signal can create depth-resolved images. The
mechanism of the reflected ultrasound signal is based on the presence of variations
in tissue density, which yields variations in the impedance of the tissue that cause
reflections. A tissue that is very homogenous will be anechoic. A tissuelike dermis
has significant fluctuations in mass and hence is highly echogenic. The attenuation
of ultrasound is very frequency dependent, falling roughly as the square of fre-
quency, f2. Low-frequency ultrasound can image many centimeters into a tissue.
However, ultrasound in the 10–30 MHz range can only image to a depth of
*10 mm. Because of the high frequency, the spatial resolution (10 s of μm) is
much better than for low-frequency ultrasound (mm).

The method was first demonstrated as skin ultrasonography [10]. It can detect
the thickness of melanoma and is used for detecting melanoma in lymph nodes. But
the challenge is to use HUS to discriminate benign from pigmented lesions in situ in
the skin.

A study using 20 MHz HUS [107] compared the 25 melanoma lesions
(MM) versus 29 basal cell papillomas (BCP) and 15 benign melanocytic nevi (BN).
The study compared the echogenicity of the dermis below the tested lesion. MM
showed low attenuation of ultrasound such that the high echogenic dermis was
clearly seen. In contrast, BCP showed higher attenuation of ultrasound, so there was
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an apparent shadow cast into the dermis. The shadowing was reported to correlate
most significantly with histological extent of hyperkeratosis, and three cases of
non-keratotic acanthotic BCP were noted to be classified as MM by the method.
Nevertheless, melanoma was discriminated from BCP with 100 % sensitivity and
79 % specificity. With addition of entry echo line enhancement (EEE), the speci-
ficity was improved to 93 %. BN demonstrated patchy shadowing as a result of
being keratotic, indicating a more spatially heterogeneous lesion than MM. The
specificity for discriminating BN from MM was low (30 %). HUS shows promise
for discriminating MM from BCP, while the discrimination of BN and MM needs
some improvements.

Toward this end, the use of focused ultrasound that creates an image at a
restricted depth was developed so as to increase the sensitivity of the signal contrast
between BN and MM [169]. The method is called retroflex transmission imaging
(RTI) [99]. In the ultrasound application of RTI to skin, HUS is focused to a small
spot near the surface, and the transmitted signal propagates into the tissue volume.
The total volumetric backscatter is detected, but the magnitude of this signal is
sensitive to the attenuation properties of the small focused spot. Hence, higher
contrast for the surface spot is achieved. Scanning the focused spot yields an image
that can take advantage of the increased spatial variation in attenuation in BN
relative to MM. The method was tested on 25 MM, 24 seborrheic keratosis (SK),
and 38 BN. The differentiation of SKs from melanoma showed specificity of 79 %
and sensitivity of 100 %. The differentiation of BN and MM showed specificity of
30 % and sensitivity of 100 % without RTI and 55 % specificity with RTI and EEE.
This improvement in specificity is encouraging and argues for continued work on
novel approaches to HUS imaging.

In summary, HUS is an imaging modality useful for assessing melanoma
thickness. It also reveals the anechoic nature of melanoma and its uniformity in
attenuation properties.

4.5 Molecular Assays for the Detection of Melanoma

Over the past decade, molecular assessment of the tumor genome has been
increasingly utilized as a diagnostic adjunct in the evaluation of histopathologically
ambiguous melanocytic tumors. While the majority of melanocytic neoplasms can
be accurately diagnosed through routine histopathologic analysis by a properly
trained pathologist, a significant minority of cases have conflicting histopathologic
features that result in diagnostic discordance, even between expert dermatopa-
thologists [67]. As histopathologic assessment of these difficult tumors often yields
equivocal diagnoses, ancillary tests are needed to better direct patient care. Early
cytogenetic analysis of melanocytic nevi and melanomas demonstrated that 96 % of
unequivocal melanomas have detectable chromosomal gains or losses [28]. In
contrast, melanocytic nevi, with the exception of a subset of Spitz nevi with
chromosome 11p gain, do not exhibit such aberrations. Chromosomal gains and
losses in melanoma are not randomly distributed in the genome. They occur
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repeatedly at chromosomal loci that provide a selective growth advantage for the
tumor. This fundamental difference in the genomes of melanomas and nevi facil-
itated the development of molecular assays that can assist in the diagnosis of
melanocytic tumors.

4.6 Fluorescent In Situ Hybridization (FISH)

Fluorescent in situ hybridization (FISH) employs fluorescently labeled oligonu-
cleotide probes targeting specific chromosomal loci to assess for copy number
changes in tumor cells. Multi-probe FISH assays can simultaneously detect copy
number changes at multiple chromosomal loci and are currently clinically available
to assist in the diagnosis of melanocytic tumors. Utilizing previous cytogenetic data
of recurrent chromosomal aberrations in melanoma, a 4-probe FISH assay was
developed in 2009 targeting three loci on chromosome 6 (6q23, 6p25, and CEP6)
and one at locus 11q13 that discriminated unequivocal melanocytic nevi from
melanomas with a sensitivity and specificity of 87 and 95 %, respectively [89].
Subsequent studies of this probe set involving specific types of melanocytic tumors
yielded similar sensitivity and specificity, including:

• Distinguishing nevoid melanoma from mitotically active nevi [91]
• Distinguishing conjunctival melanoma from conjunctival nevi [43]
• Distinguishing metastatic melanoma in lymph nodes from nodal nevi [56]
• Distinguishing blue nevuslike melanoma from cellular blue nevi [76]
• Diagnosing atypical junctional melanocytic proliferations [86, 149]

A lower sensitivity of 47 % was found for discriminating desmoplastic mela-
nomas from sclerosing nevi [87].

Most studies of FISH in melanocytic tumors have involved unambiguous mel-
anocytic nevi and melanomas. However, the clinical utility of FISH as a diagnostic
aid is contingent on its ability to discriminate between benign and malignant tumors
with ambiguous histopathologic features. Ambiguous spitzoid neoplasms are the
most frequent tumors for which FISH is utilized [150]. Other frequent tumor types
for which FISH is ordered include atypical blue nevuslike proliferations, dysplastic
nevuslike neoplasms, biphasic tumors (i.e., combined nevus or melanoma arising in
a nevus), possible nevoid melanoma, and acral or mucosal tumors. Difficulty in
collecting large cohorts of ambiguous melanocytic tumors with long-term follow-up
has resulted in a paucity of FISH studies in such tumors. The largest study of the
chromosome 6 and 11 FISH assay in ambiguous melanocytic tumors yielded a
lower sensitivity of 43 % (9/21) for the detection of ambiguous tumors with lymph
node or distant metastasis [203], raising concern about the generalizability of prior
FISH studies to ambiguous tumors for which the test is clinically used.

A more recent study found increased sensitivity for the detection of spitzoid
melanoma with the addition of probes detecting homozygous loss of 9p21 where
the CDKN2A gene resides [77]. Chromosome 9p21 loss has also been associated
with increased risk for metastasis in atypical spitzoid tumors in children [88].
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A new FISH assay including probes targeting chromosomal loci 9p21, 6p25, 8q24,
and 11q13 reportedly has increased sensitivity and specificity of 94 and 98 %,
respectively, in distinguishing unequivocal melanomas and nevi [90].

4.7 Comparative Genomic Hybridization (CGH)

Comparative genomic hybridization (CGH) involves extraction and fluorescent
labeling of tumor DNA, with subsequent competitive hybridization against control
DNA to metaphase chromosomes or DNA microarrays to detect chromosomal
gains or losses. Array-based CGH offers higher resolution of the genome and is
considered by many to be the current method of choice in melanoma diagnostics.
Compared to FISH, which targets a limited number of chromosomal loci, CGH
provides a representative view of the entire genome and thus has greater potential to
detect multiple chromosomal aberrations. With the vast majority of melanomas
possessing multiple chromosomal gains and losses in their genomes, CGH can
provide valuable diagnostic information to assist pathologists in the diagnosis of
melanocytic tumors with conflicting histopathologic findings.

Past CGH analysis of melanomas demonstrated different patterns of chromo-
somal aberrations between melanomas arising in chronically sun-damaged skin,
intermittently sun-exposed skin, and acral and mucosal melanomas [54]. Acral and
mucosal melanomas arise through a non-UV light-dependent pathway that is
characterized by marked genomic instability with chromosomal amplifications.
Such amplifications are presented to a much lesser extent in the other two cate-
gories. In addition, these amplifications occur early in tumorigenesis in many acral
melanomas preceding the invasive stage of disease [151] and can be relatively
easily detected with CGH or FISH if the diagnosis is in question.

CGH in Blue, Spitz, and Congenital Melanocytic Nevi and Their
Histopathologic Mimics
CGH studies of the spectrum of melanocytic tumors resembling blue nevi, Spitz
nevi, and congenital nevi have found unique genomic alterations in these types of
neoplasms that assist in differentiating benign and malignant tumors. Cellular blue
nevi and the majority of ambiguous blue nevuslike proliferations do not have
chromosomal aberrations detectable by CGH [136]. In contrast, blue nevuslike
melanomas have ≥3 chromosomal aberrations. Similarly, routine congenital mel-
anocytic nevi do not exhibit chromosomal aberrations. Benign hypercellular pro-
liferations within congenital nevi (“proliferative nodules”) can clinically and
histopathologically mimic melanoma. CGH analysis of such proliferations shows
gain or loss of entire chromosomes, particularly loss of chromosome 7, 9, or 10,
which is distinct from the multiple gains and losses of chromosomal fragments that
typify melanoma arising in congenital melanocytic nevi [29].

Spitz tumors often exhibit the greatest degree of histopathologic ambiguity. The
majority of Spitz nevi do not have detectable chromosomal aberrations by CGH,

92 S.A. Leachman et al.



excluding a subset of desmoplastic Spitz nevi that harbor HRAS mutations and/or
isolated gain of chromosome 11p where HRAS resides [27]. Another subset of
apparently benign spitzoid neoplasms has chromosome 3p21 loss (BAP1 tumor
suppressor gene locus), which can be associated with a BAP1-mutant germline
syndrome of amelanotic spitzoid nevi, cutaneous and uveal melanomas, and
mesothelioma [211]. Chromosomal aberrations other than isolated 3p loss or iso-
lated 11p gain are concerning for spitzoid melanoma, especially if multiple chro-
mosomal gains or losses are detected.

4.8 Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR) and Next-Generation Sequencing

Currently, FISH and CGH are the primary molecular tests clinically available to
assist in the diagnosis of histopathologically ambiguous melanocytic tumors.
A 23-gene expression signature utilizing qualitative reverse transcriptase poly-
merase chain reaction (qRT-PCR) has also recently been developed for this pur-
pose. Gene expression measurements from the assay are analyzed to generate a
score that reports a lesion as being consistent with a benign nevus or a malignant
melanoma. The signature is marketed under the name Myriad myPath™ Melanoma
and is undergoing clinical validation to differentiate benign nevi from malignant
melanoma across a variety of histological subtypes. Other molecular techniques are
currently utilized for prognosis and directing treatment. A qRT-PCR expression
profile assay has been developed by Castle Biosciences© as a prognostic tool for
predicting metastatic risk in Stages I or II melanoma and is marketed under the test
name DecisionDx-Melanoma. Based on analysis of the expression of 31 genes,
tumors are classified as low (3 %) or high (69 %) risk for developing metastasis
within 5 years. The validation studies for these tests were presented at the 2013
(Castle) and 2014 (Myriad) American Society of Clinical Oncology meetings, but
as of June 2014, neither has been published in a peer-reviewed journal.

Next-generation sequencing (NGS) is widely employed in research of melano-
cytic neoplasia and has many potential exciting uses in the diagnostic setting, but
it has not yet transitioned into clinical practice for melanoma diagnostics. Foun-
dation Medicine© currently offers the NGS clinical test FoundationOne™ for solid
tumors, which can be used to characterize the spectrum of possible mutations in
melanoma and help guide selection of mutation-specific treatments (e.g., BRAF
inhibitors for BRAF mutant melanoma). This test uses NGS to sequence all exons
of 236 cancer-related genes, including BRAF, HRAS, GNAQ, GNA11, KIT,
BAP1, CDKN2A, and PTEN, as well as 47 introns from 19 genes often altered in
cancers. However, as mutations in these genes can be seen in both melanomas and
nevi, this test does not provide useful diagnostic information for ambiguous mel-
anocytic tumors.

Table 4 compares the tests described above.
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5 Conclusion

Effective melanoma early detection methods and technologies are likely to become
increasingly available and useful, but one of the key challenges faced in the clinic is
the integration of these modalities into current practice. In addition to describing
current methods of melanoma detection, which include population-level approaches
to early detection, the role of clinical examination-based methods, advanced tech-
nological detection methods, and molecular assay detection methods, a secondary
purpose of this chapter has been to outline a rational approach to the use of these
methods in the context of patient care. A pragmatic approach to maximize the
strengths and minimize the weaknesses of the various technologies and methods is
needed. We conclude that to be effective, this pragmatic approach must take into
consideration logistical clinical issues related to the time, equipment, and expertise
requirements for each technology as well as the cost and convenience for the
patient. Developing creative strategies to utilize the most appropriate technology or
method in the most cost- and time-effective manner is a critical step toward making
early detection of virtually all melanomas a reality. Perhaps as never before,
through the development of a comprehensive strategy to detect melanoma early, we
have the opportunity to reduce suffering secondary to melanoma through early
detection. Although there are some rapidly progressive forms of melanoma that are
unlikely to be detectable prior to metastasis (e.g., aggressive nodular melanomas),
successful application of early detection technologies and methods has enormous
potential to save the lives of individuals with melanoma and reduce the costs
associated with melanoma treatment.
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Melanoma: Clinical Presentations
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Abstract
The malignant cell in melanoma is the melanocyte. Because melanocytes are
located in the basal layer of the epidermis, melanoma is most commonly seen on
the skin. However, melanoma can also arise on mucosal surfaces such as the oral
cavity, the upper gastrointestinal mucosa, the genital mucosa, as well as the
uveal tract of the eye and leptomeninges. Melanomas tend to be pigmented but
can also present as pink or red lesions. They can mimic benign or other
malignant skin lesions. This chapter presents the spectrum of typical and less
typical presentations of melanoma, as well as patterns of spread. It is divided into
(1) cutaneous lesions; (2) patterns of regional spread, (3) non-cutaneous lesions;
and (4) distant metastases.
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1 Cutaneous Tumors

Cutaneous melanomas are classified on the growth pattern into superficial
spreading, nodular, lentigo maligna, and acral. Growth is typically described in two
planes: Radial (horizontal) growth refers to melanocytic proliferation limited to the
epidermis or focally as single cells or small nests within the papillary dermis,
whereas vertical growth describes deeper invasion of nests or nodules of atypical
melanocytes that are often larger than their counterparts in the superficial skin [1].
In certain instances, it is useful to think of these as “phases” of growth, such that the
radial growth phase (RGP) may sometimes precede a vertical growth phase (VGP).
The typical lesion of cutaneous melanoma is an asymmetric macule or nodule with
irregular borders, frequently with variations in color within the lesion. On histology,
it reveals nests of melanocytes within the epidermis that varies in size, shape,
spacing, and display pagetoid spread, or a pattern of focal confluence [2]. Archi-
tectural patterns and cytomorphological features have been studied and are
reviewed extensively by [3].

Alternative ways of classification have been proposed based on rate of growth
[4]. In this schema based on trends in melanoma epidemiology, there are three
subtypes of lesions: (1) slow-growing, located on intermittently sun-exposed areas
with a sharply rising incidence; (2) very slow-growing on sun-exposed skin with
moderate increase in incidence; and (3) fast-growing, arising in any body part with
stable incidence and high mortality. Any scheme can be adopted so long as it is
helpful in stratifying risk, rationalizing therapy, and predicting prognosis.

1.1 Superficial Spreading Melanoma

Superficial spreading melanoma (SSM) is the most common subtype of cutaneous
melanoma, particularly in individuals with Skin Phototypes I and II, accounting for
60–70 % of all melanomas. It is typically diagnosed between the ages of 40 and 60
(see Table 1). The association between the number of nevi and SSM has been
established [5, 6]. This subtype typically arises on the trunk in men and on the
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lower extremities in women. Depending on the location, the differential diagnosis
might include atypical nevus, common benign nevus, seborrheic keratosis, or basal
cell carcinoma. Classically, SSM begins as an asymmetric, irregularly scalloped
macule or papule, usually <5 mm with mottled variegated color, and a central
elevation with some surface distortion [2]. Over time, the lesion can grow to be
significantly larger (Fig. 1a, b). Initially, the lesion behaves indolently, proliferating
within the epidermis or superficial papillary dermis. However, for unknown

Fig. 1 a A superficial
spreading melanoma
presenting as a 1.9 × 1.7 cm
pink/brown/black patch with a
7-mm red papule at the
5 o’clock location of the
lesion. Histology revealed a
1.0 mm Breslow depth.
b Dermoscopy showed
prominent variegation in color
and central haziness with
pink, purplish, and gray
discoloration
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reasons, the malignant melanocytes invade the dermis and a more rapid VGP
ensues, leading to a papule or nodule.

Although SSM is often associated with transformed nevi because of the associ-
ation with nevi counts, it is estimated that approximately half of these lesions arise
de novo. In fact, the likelihood that an individual nevus will progress to malignancy is
low [14]: The risk of malignant transformation for common melanocytic nevi is one
in thousands, while the risk for atypical melanocytic nevi is in the order of one in
hundreds [15, 16].Whereas the risk of SSM arising from common nevi increases with
nevi counts [5, 6], for atypical nevi, the risk beyond five nevi does not accrue [17].

1.1.1 Melanoma In Situ
Melanoma in situ (MIS) is thought to precede more invasive melanoma. MIS refers
to solitary melanocytes or nests of melanocytes found above the dermal–epidermal
junction (DEJ) and extending into the uppermost layers of the epidermis. Mela-
nocytes can involve the adnexal epithelium of pilosebaceous units and other
structures. These nests do not mature as they cross into the dermis, but instead,
retain the same size as their epidermal counterparts [2].

1.1.2 Host Immune Response in Melanoma
More so than any other malignant neoplasm, melanoma antigens are highly
immunogenic [18]. To demonstrate the role of the immune system in melanoma, it
was shown that melanoma incidence was higher in immunosuppressed individuals
[19]. It is no surprise, therefore, that many melanomas display immune escape
mechanisms: For instance, they may selectively lose or mutate known immuno-
genic antigens, down-regulate MHC class I molecules on antigen presenting cells,
and change the cytokine milieu toward a tolerizing environment [20].

Up to two-thirds of patients show signs of partial regression, a phenomenon
which may represent an immune response. Macroscopically, this is seen by focal
areas in the lesion of gray, hypo-, or depigmented structures, which can be mistaken
for vitiligo or halo nevi, while histopathological examinations reveal accumulated
melanin-laden macrophages and infiltrating lymphocytes, often arranged in a
bandlike pattern in the dermis [21, 22]. Spontaneous regression inversely correlates
with tumor thickness; as such, up to two-thirds of the thinnest melanomas (0.75 mm
or less in thickness) show partial regression [23, 24]. The mechanism of regression
is unclear, though assumed to be immune-mediated, given the infiltrate of lym-
phocytes and plasma cells [25, 26]. Some have even proposed a contact sensitizer to
be the cause for recruiting the adaptive immune system to the tumor environment
[27].

The prognostic significance of regression is not well understood: A recent study
demonstrated increased risk of metastases in 43 cases of melanoma with extensive
but partial regression compared with matched controls [28]. To explain this, it is
thought that regression signifies the presence of deeper invasion that may have
already led “the horse out of the barn,” so to speak. Although some investigations
have confirmed that partial regression is an adverse prognostic factor [29, 30],
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others have failed to demonstrate this [31, 32]. To complicate matters further,
melanoma of unknown primary (MUP), in which the primary lesion is assumed to
be regressed, appears to have survival advantage as compared to patients with
positive nodes and a known primary tumor [33, 34]. This would suggest that lymph
node infiltration triggers the immune response against melanoma. The conflicting
data may indicate the instances of success and failure of the immune system at
attacking the tumor.

Besides spontaneous partial regression, which is common, complete regression
is rare, and until 2005, only 38 cases were reported [35]. There is a marked
predilection in males, with a male to female ratio of approximately 2:1, and an
average age of onset of 48. Survival is variable, but poor, ranging from 6 weeks to
11 years. Among those that died of metastatic disease, the average survival was
13 months. Similar to partial regression, in complete regression, the patient often
describes a change in a preexisting nevus: enlargement, friability, hypopigmenta-
tion, hyperpigmentation, bleeding, and eventual regression. Histology of the
reviewed case reports by High et al. mostly showed epidermal attenuation,
decreased epidermal melanocytes, papillary dermal fibrosis, a chronic inflammatory
infiltrate, telangiectasia, and presence of dermal melanophages. The authors point
out that requiring melanophages in the diagnostic criteria may exclude amelanotic
melanoma lesions that have regressed, but without including this feature, the
positive predictive value of diagnosis is too low, given that the prevalence of
complete regression is low. One rare form of complete tumor regression is known
as tumoral melanosis (TM). TM presents as a 1–5 cm blue-black nodule, suspicious
for a primary invasive melanoma [22]. However, histology reveals dense dermal or
dermal and subcutaneous melanophage infiltrates.

1.2 Nodular Melanoma

Nodular melanoma (NM) is the second most common type in fair-skinned indi-
viduals, representing approximately 15–20 % of melanomas. It commonly presents
on the trunk, head, or neck, with a greater incidence in men (Fig. 2). This subtype is
thought to arise de novo over a period of weeks to months as a vertically infiltrating
tumor without much of a RGP. For this reason, they tend to be diagnosed at a
thicker, more advanced stage [8]. Early on, the lesion is classically an asymmetric
blue or black nodule with regular borders. Two to eight percent of such tumors,
however, can be pink or red in coloration and in those instances are termed
“amelanotic” [9]. Because they lack pigment and are often smaller in diameter,
70 % of the time, melanoma is not initially considered in the diagnosis [36].
Whether pink or pigmented, NM may ulcerate or bleed. Depending on the presence
or absence of pigmentation, the differential diagnosis includes the following: (1) for
pigmented lesions: blue nevi, pigmented basal cell carcinoma, common benign
nevus, and pigmented Spitz nevus; and (2) for amelanotic lesions: basal cell car-
cinoma, pyogenic granuloma, and atypical fibroxanthoma.
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1.2.1 Spitzoid Melanoma
Spitzoid melanoma can be mistaken early on for a Spitz nevus. On histology, both
reveal a dermal nodule with overall symmetry of epithelioid melanocytes that do
not mature with deeper extension. However, clues to the malignant nature of the
lesion include arrangement into sheets of atypical melanocytes in the dermis and
mitotic figures at the base of the lesion. Additional methods such as immunohis-
tochemistry (IHC), fluorescence in situ hybridization (FISH), and comparative
genomic hybridization (CGH) have had variable rates of success in distinguishing
melanoma from nevus [37]. For instance, melanomas, unlike benign nevi, show
gains or losses of particular segments or whole chromosomes, while approximately
20 % of benign Spitz nevi show increase in copy number of chromosome 11p, not
typically found in melanoma [38].

1.2.2 Atypical Fibroxanthoma-Like Melanoma
NM can also be mistaken for atypical fibroxanthoma (AFX), the former being a
diagnosis more dangerous to miss. Sangueza and Zelger report 4 cases of melanoma
in 3 patients whose diagnosis was mistaken initially due to the unusual clinical
presentation and pathological correlation, as well as negative melanin staining on
IHC [39]. However, others have reported that AFX can present as a pseudo-
pigmented lesion that can be mistaken for melanoma on clinical and pathological
evaluation [40]. To circumvent this, the authors recommend iron stains to diagnose
AFX, because degraded erythrocytes following ulceration and hemorrhage are
ingested and appear as accumulated hemosiderin in neoplastic cells.

Fig. 2 A nodular melanoma presenting as a 4 cm fungating mass with purulent drainage. This
nodule grew in size for over 2 years before the patient presented to the physician. Upon diagnosis,
he was found to have lymph node involvement and died within 1 year from distant metastatic
disease
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1.2.3 Collision (Contiguous) Tumors
The skin, more than any other organ, is exposed to extensive DNA damage. In the
right host, multiple contiguous tumors may arise. Clinical examination may reveal
an atypical lesion, which on histology shows multiple etiologies. One such report
involves 2 cases: one of a BCC, which ultimately revealed an underlying amela-
notic melanoma, and another of an amelanotic melanoma that concealed an AFX
[41]. Collision tumors can also arise in skin grafts [42]; however, the significance of
that observation has not been found.

1.3 Lentigo Maligna Melanoma

Lentigo maligna melanoma (LMM) is a less common subtype, comprising
approximately 9 % of all cutaneous melanomas. Typically, lesions occur in older,
chronically sun-damaged individuals, with a predilection for the nose and cheek in
women, and neck, scalp, and ears in men. Unlike other subtypes, it is thought that
LMM arises from cumulative sun exposure rather than intermittent sun damage.
Although LMM is associated with fair skin phototypes, unlike SSM, it is not
correlated with nevus counts [5, 6]. The precursor lesion in LMM is a form of
in situ melanoma, known as lentigo maligna (LM) (Fig. 3). There is a considerable
risk—estimated at 5 %—for progression of LM into LMM [10]. Because it
develops on a background of sun damage, the differential diagnosis for LMM
includes lesions of sun damage (solar lentigo, pigmented actinic keratosis) as well
as lentiginous nevus, macular seborrheic keratosis, and pigmented basal cell car-
cinoma. Of note, lentiginous junctional nevi are described in the elderly, especially
on a background of poikilodermic skin, but they are located—unlike LM and LMM
—on the trunk and limbs. Needless to say, they may transform into LM and small
cell melanomas [43].

Fig. 3 Lentigo maligna
(melanoma in situ) on the
cheek of an elderly Caucasian
woman. Site of hemorrhagic
crust represents a recent
biopsy site confirming the
diagnosis. Full resection
revealed no invasive
component of melanoma
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The lesion usually begins as an indolent, asymmetric brown-to-black macule
with color variegation and an irregular indentation. On dermoscopy, these areas
appear as hyperpigmented follicular openings that are overgrown by irregular
pigmented dots arranged in an annular granular pattern [7, 11]. Stolz et al. estimated
that 87 % of LMM presents with those features on dermoscopy. Others have tried to
identify novel features, including increased density in the vascular network, and
presence of rhomboidal structures and targetlike patterns [44]. Additionally, LMM
may display subclinical levels of radial growth, resulting in incomplete excision,
and high rates of recurrence. Later on, lesions may develop a nodular portion.

Microscopically, LMM exhibits lentiginous spread, in which solitary tumor cells,
rather than tumor nests, extend into the epidermal and dermal layers [2]. Atypical
melanocytes can be found in the epithelium of adnexal structures, particularly along
the outer root sheath of hair follicles. An invasive component is often present and
composed of spindle cells. Moreover, epidermal atrophy, signs of solar elastosis, and
desmoplastic stromal change are not uncommon with LMM. Finally, work by King
et al. suggests that atypical lentiginous proliferations may look similar to benign
lentiginous junctional nevi in their retiform epidermal pattern; however, they also
present with confluent growth of atypical melanocytes flanking the site of biopsy,
which is more akin to atypical proliferative lesions (2005). Seeing as these lentigi-
nous proliferations progress if left untreated, the authors suggest that they might be
early LMM and therefore should be treated as such.

1.3.1 Desmoplastic Melanoma
LMM is associated with the highest rates of desmoplastic melanoma (DM). DM is a
histological diagnosis that comprises 4 % of cutaneous melanomas and is found
more commonly in older males and on sun-exposed skin [45, 46]. It can arise in
LMM, acral melanoma (AM, see Sect. 1.4), or in the RGP of mucosal lymphoma
[2]. The classic lesion is a skin-colored, red, or brown-black nodule or plaque in a
sun-exposed site. Histologically, malignant melanocytes take on a spindle shape,
separated by collagen fibers or fibrous stroma, which are present in foci or
throughout the tumor. Cytologically, melanocytes appear bland, with visible atypia
and stromal fibrosis [47]. The diagnosis requires deep tissue samples because
superficial findings are nonspecific for scar or spindle cell neoplasms. The source of
desmoplasia and increased collagen deposition is unknown. Some have postulated
that the malignant melanocytes induce host responses leading to fibroblast prolif-
eration and deposition of collagen [48, 49]. Others have argued that the melano-
cytes themselves undergo adaptive fibroplasia, allowing them to deposit collagen in
the deeper dermal layers [50, 51].

DM is rarely metastatic but often highly infiltrative and locally aggressive, and
approximately 30 % of cases display neurotropism. Of note, conventional staging
has been shown to overestimate the likelihood of metastasis of these tumors [52, 53].

Melanoma: Clinical Presentations 115



1.4 Acral Melanoma

AM is the least common subtype, comprising <5 % of cutaneous melanomas. It
presents with equal incidence in all skin types and as such is the most common
subtype in darker pigmented individuals. It constitutes 60–70 % of melanomas in
black-skinned individuals [54] and 50 % in Asians [55–57]. Typically, AM occurs
on the soles, but can also commonly occur on the palms and in or around the nail
apparatus [12]. AM is difficult to diagnose because, especially when it is amela-
notic, it can look like a benign lesion, such as a plantar wart or hematoma, or a
squamous cell carcinoma.

Classically, AM begins as an asymmetric brown-to-black macule with varie-
gated color and irregular borders. When involving the nail bed, it can present with
longitudinal melanonychia extending onto the hyponychium or beyond the lateral
or proximal nail fold, the latter referred to as Hutchinson’s sign. Histologically,
lesions begin as atypical single melanocytes or nests of melanocytes, sometimes
displaying dendrites, and are present within all layers of a hyperplastic epidermis, in
what is known as pagetoid scatter [13]. In the stratum corneum, numerous mela-
nocytes and melanin granules are diffusely scattered.

The genetic markers of AM are different from the other subtypes of melanoma.
Activating KIT mutations in exons 11, 13, and 17 is common, making the tumor
susceptible to KIT inhibitors, such as imatinib [58, 59].

1.4.1 Subungual Melanoma
AM of the matrix is known as subungual melanoma (SUM) and represents 1–3 %
of all cutaneous melanomas. Unlike any other melanoma type, SUM is not related
to sun exposure. Because the nail plate is so dense, it is estimated that less than 2 %
of UVA, and no UVB, is transmitted to the matrix [60].

SUM presents commonly with melanonychia striata, which are widening dark or
irregularly pigmented longitudinal nail streaks with possible nail dystrophy and
onycholysis [2]. Hyperpigmentation of the nail bed or matrix is concerning when it
extends to the cuticle or hyponychium, and when the pigment is dark, irregular, or
the width of the area involved is >3 mm. Nail pathologies to consider in that case
are as follows: benign longitudinal melanonychia, subungual hematoma, pyogenic
granuloma, onychomycosis with pigmentation, or hemorrhage.

SUM is misdiagnosed 85 % of the time, with the mean diagnostic delay being
30 months [61]. This is perhaps the case because approximately 23–44 % of
patients with SUM reported local trauma to the nail [62]. It is unclear whether
trauma draws attention to the area or whether post-traumatic inflammation induces
carcinogenesis [63]. In favor of the latter, an analogous relationship exists between
chronic skin wounds and the emergence of aggressive ulcerating forms of squa-
mous cell carcinoma.
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2 Regional Metastases

Regional metastases refer to the proximal spread of a melanoma within the skin and
lymphatic vessels of the regional lymphatic system, including the regional lymph
node. It is estimated that two-thirds of patients with clinical metastases following
treatment of primary melanoma present initially with loco-regional metastases [64].
Regional metastases are classified into satellite, in-transit, and nodal based on the
level of involvement within the lymphatic chain. As such, it relies on the premise
that melanoma cells travel proximally in the lymphatic system. However, it is also
known that melanoma can spread hematogenously and iatrogenically [65]. True
hematogenous spread is confirmed by the development of metastases at the donor
site of split thickness grafts and has been reported [66, 67]. That melanoma cells
can spread in the blood vessels is no surprise, as tumor cells can express levels of
tissue factor 1000-fold higher than normal tissue [68, 69]. The natural history of
melanoma and patterns of spread can help guide treatment and set survival
expectations.

2.1 Satellite and In-Transit Metastasis

Satellite metastases (SM) are metastatic nodules that appear within 2 cm of the
primary tumor. In-transit metastasis (ITM) represent intralymphatic tumor invasion
in the regional skin or subcutaneous tissue between the primary tumor site and the
draining lymph node basin. Clinically, SM and ITM appear as cutaneous or sub-
cutaneous tumors or, when present in the upper dermis, may present as
dome-shaped papules or nodules, which may be brown, skin-colored, or pink
(Fig. 4a, b). The reported 5-year survival rates of ITM are approximately 69 %
without lymph node involvement and drop to 46 % with regional node involvement
[70–72]. SM and ITM have been associated with thicker primary tumors, ulcera-
tion, primary lesions on the lower extremities, and regional lymph node metastasis
[73–76]. In fact, second only to lymph node status, Weide et al. identified tumor
thickness, not ulceration, as the greatest independent prognostic factor for mela-
noma patients with SM and ITM [71]. It is unclear whether the interval between
primary diagnoses and emergence of regional disease is a prognostic factor, as
studies report variable results [77–79].

The natural history and progression of melanoma to ITM is not understood. One
theory postulates that melanoma cells enter the superficial and deep lymphatic
vessels but, along the way, become lodged—as an embolus might—in the lym-
phatic channels, either due to obstructing nodal disease or due to impaired lym-
phatic drainage from the removal of lymph nodes [80]. This second explanation is
based on a study in which patients with ITM who had undergone wide local
excision (WLE) with elective lymph node dissection (ELND) were compared to
those that underwent WLE only (and lymph node dissection if lymph nodes became
clinically palpable) [75]. ITM incidence was 27 and 10 %, respectively, in those
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groups, suggesting that surgical manipulation of regional nodes increased the risk
of ITM. Other more recent studies have also suggested that ELND or SLND
increases the risk of ITM [81, 82]. That being said, Pawlik et al. [83] are critical of
these studies. They suggest that the comparison is unfair as most patients who
undergo SLND or ELND have unfavorable tumor characteristics. In fact, a recent
review of over 2000 patients with primary melanomas more accurately matched the
two groups for tumor characteristics. The results showed that the rate of ITM in

Fig. 4 a Numerous
melanoma satellite metastases
presenting as 0.3–1 cm
subcutaneous blue-black
nodules emanating from the
original melanoma surgical
site, in addition to a large
4-cm subcutaneous firm
erythematous nodule inferior
to the surgical site. b Satellite
melanoma metastases
presenting as streaklike
erythematous plaques and
nodules on the right neck and
shoulder
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patients treated with WLE alone was 4.9 % and not significant from those who
underwent WLE and SLND, which was 3.6 % [84]. Another German study com-
pared the 5-year overall ITM rate and showed no difference between the SLND and
delayed lymphadenectomy groups [85].

2.2 Nodal Metastases

Before sentinel lymph nodes were introduced as part of the staging evaluation of
solid tumors, the concept of “orderly progression of nodal metastases” was
attractive in melanoma, since cutaneous lymphatic flow was better defined than any
other solid organ. However, data suggest that 34–84 % of sentinel nodes are located
in unexpected (discordant) sites [86]. Lymph node mapping is important as the
presence of lymph node metastases, as well as the number of nodes involved,
remains the single most important prognostic factor for patients with stages I, II, or
III disease [71].

In a study of 466 patients with known primary cutaneous melanoma who
developed metastases, 50 % metastasized to the regional lymph node, 22 % to
loco-regional sites, and 28 % to distant sites [87]. The median latency period for
nodal metastases, similar to loco-regional spread, was found to be approximately a
year and a half.

MUP is a unique and not uncommon phenomenon, occurring in 10–20 % of
patients presenting with palpable regional disease [33]. The clinical presentation of
MUP with nodal metastases is characterized by palpable lymphadenopathy without
evidence of further metastatic disease and without apparent primary melanoma.
Prognostic significance is unclear compared with melanoma of known primary
(MKP), largely due to studies with small sample sizes and lack of control for
prognostic variables. In a large single institution study, Lee et al. found improved
overall survival after appropriate lymphadenectomy in patients with MUP as
compared to MKP [65], which suggests that, in the absence of distant metastases,
surgical excision of the positive nodes may have been curative for some MUP
patients.

Besides external factors, proposed causes of MUP include de novo transfor-
mation of ectopic nodal melanocytes or spontaneous regression of a primary lesion.
In support of the first hypothesis, benign nevus cells have been found in lymph
nodes [88, 89]. These melanocytes may originate from benign metastasis or dif-
ferentiated neural crest cells [90]. The problem with this hypothesis, as Lee et al.
point out, is that it does not explain the survival benefit in patients with MUP. The
second explanation suggests immune-mediated regression of the primary tumor.
Circulating factor has been found to be present in regressed melanomas and is
important in mediating cytotoxic responses [91], and anti-melanoma antibodies are
more prevalent in MUP than in MKP [92]. Moreover, the presence of tumor
infiltrating lymphocytes has been associated with regression patterns [93]. These
results suggest that a combination of humoral and cytotoxic responses is involved
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in melanoma rejection. Finally, the most obvious explanation for improved survival
in MUP is reduced disease burden, as patients with MUP undergo lymphadenec-
tomy, which may also act to drive the activated immune system.

3 Non-cutaneous Melanomas

Normal melanocytes can be found in non-cutaneous sites, including the eye and
mucosal tissues, such as the oral cavity, esophagus, nasal cavity and sinuses,
genitals, and anus. Malignant transformation can occur in any of these sites. These
subtypes of melanoma are less common than cutaneous melanoma and appear to be
biologically distinct as well, given their patterns of spread and response to systemic
therapy.

3.1 Uveal Melanomas

Two thousand new cases of uveal melanoma are diagnosed annually in the USA, an
incidence that is much lower than cutaneous melanoma, and the incidence of uveal
melanoma has been stable for the past decades, unlike cutaneous disease [94, 95].
This is the most common form of intraocular malignancy. The median age at
presentation is in the 6th decade of life; however, it can also be diagnosed in young
adults and children. The incidence does not differ between the genders, unlike
cutaneous melanoma, which is more common in males. Familial cases of uveal
melanoma are rarely reported. Only rare cases of uveal melanoma might have a
heritable component, while family history is positive in 10 % of patients with
cutaneous melanoma (Eagan et al. 1998). More recently, germline mutations in the
BAP1 gene have been shown to be associated with uveal melanoma [96].
Approximately 50 % of patients with uveal melanoma will develop distant
metastases, an incidence that is significantly higher than that of cutaneous mela-
noma [94].

Melanoma can arise in any of the three components of the uvea—the iris, the
ciliary body, or the choroid. The latter is the most common site and represents the
site of origin in 80 % of cases. The most common symptom at presentation is
visual; patients typically report blurry vision or floaters when the disease is more
advanced. However, uveal melanoma is often found on routine eye examination.
Confirmation is accurately done by ultrasound and fluorescein angiography; fine
needle aspiration biopsy is rarely needed and is no longer the standard of care to
establish the diagnosis [97].

Staging of uveal melanoma is based on thickness and diameter, and these
parameters correlate with survival. Given the lack of lymphatic drainage in the eye,
dissemination to distant organs is hematogenous. Uveal melanomas appear to have
a predilection to metastasizing to the liver more frequently than cutaneous
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melanomas and tend to have different driver mutations than cutaneous melanomas
[97]. Gene expression assays and cytogenetics play a role in determining the
prognosis for non-metastatic uveal melanoma and are currently widely used in
combination with measures of depth, location, and diameter to determine whether
surveillance for distant disease is warranted [98].

Most frequently, metastatic uveal melanomas home to the liver and are diag-
nosed due to ascites, right upper quadrant pain or jaundice. Typically, at this point,
the disease is very advanced and the prognosis is often poor, as the liver metastases
are difficult to control with local or systemic therapy. Less frequently, the primary
site of metastases is the lungs or skin. Under these circumstances, patients present
either with lung nodules incidentally found on surveillance imaging or imaging
done for other purposes or with respiratory symptoms, or cutaneous or subcuta-
neous nodules. Given that spread is hematogenous, metastatic uveal melanoma is
typically not diagnosed by lymphadenopathy as the presenting sign.

In the era of targeted therapies, metastatic uveal melanoma is treated with dif-
ferent drugs than metastatic melanoma of cutaneous origin. Overall, the prognosis
for metastatic uveal melanoma is worse than for metastatic cutaneous melanoma, as
this disease is less responsive to immune therapy and currently available targeted
therapies [99]. It similarly responds poorly to chemotherapy. A recent trial dem-
onstrated superiority of an inhibitor of MEK over standard chemotherapy—
dacarbazine or temozolomide—in progression-free survival [100]. Disease pre-
sentation is dependent on the location of metastases.

3.2 Mucosal Melanomas

Similar to uveal melanoma, mucosal melanomas are substantially less common than
their cutaneous counterparts [101]. These tumors can arise from any mucosal
surface, and their presentation depends largely on the site of origin. Just over half
the cases originate in the head and neck region (oral, nasal, and sinus mucosa),
while the other half originate in the anal/genital mucosal surfaces. Rare sites of
origin of mucosal melanoma include the lower urinary tract, esophagus, small
intestine, and gallbladder [102]. The presentation of mucosal melanomas depends
on the site of origin. Clearly, mucosal melanoma originating in the oral cavity, anus,
and vulva is less likely to go undetected for a prolonged period of time than that
originating in internal sites.

Unlike cutaneous melanoma, mucosal melanomas are found with similar fre-
quency in patients of Black, Hispanic, or Asian origin, compared to non-Hispanic
Caucasians. The incidence of mucosal melanoma increases substantially with age,
and the likelihood of developing metastatic disease is higher than for cutaneous
melanoma. Specifically, the survival is particularly poor for melanomas that arise in
the pharynx, gastrointestinal tract (including anus), urinary tract, and vagina. This
appears to be independent of the stage at diagnosis [103].
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Primary mucosal melanomas of the head and neck can be divided into two major
categories: melanoma of the sino-nasal cavities and melanoma of the oropharynx.
The majority of case series are fairly small, and the data on presentation are sparse.
For example, in a series of patients with mucosal melanoma of the head and neck
seen at Emory University during a 20-year period, only 30 cases were identified.
Just over half the patients (53 %) presented with early-stage disease. Mucosal
melanoma was more prevalent in men (60 % of patients), and the median age was in
the late 60s [104]. In a series from the Royal Marsden Hospital, 89 patients were
identified during a period of 50 years [105].

Data on the presentation of melanomas that arise in the genitalia are similarly
sparse. In a review of gynecologic melanoma cases seen at Duke University, 43
cases were seen during a 25-year period. Most other published case series involve a
similar or smaller number of patients [106]. Of the 43 cases identified at Duke,
70 % were vulvar in origin, 21 % vaginal, and 9 % cervical. Most of the patients
were older (median age 61 years) and about two-thirds presented with localized
disease only. Most of the patients were diagnosed upon routine gynecological
examination and were treated with radical surgical procedures, which did not
appear to improve the outcome. The prognosis was poor overall, with less than half
the patients alive at 5 years. The prognosis, however, has been reported to be
slightly superior in melanomas arising in the vulva than those arising in other sites
[107]. Given the sparse data (110 cases in this series of mucosal melanomas from
all origins), it is unclear whether the improved survival in vulvar melanomas is
independent of thickness and other prognostic variables, as these melanomas are
more likely to be seen on routine gynecologic examination.

Anal or anorectal mucosal melanomas are similarly rare, although the incidence
appears to be increasing [108]. In a series from Memorial Sloan Kettering Cancer
Center of 96 patients seen over a 17-year period, 43 % had anal melanoma, 33 %
anorectal melanoma, and 24 % rectal melanoma. Overall, anal lesions tended to be
thinner than lesions that were more proximal and tended to be of earlier stage with a
lower likelihood of lymph node involvement. Interestingly, patterns of recurrence
also differed based on anatomic location. However, the rates of recurrence and
overall survival were not significantly different between the groups. The diagnosis
of anal and anorectal melanoma is often delayed because these tumors can be
amelanotic; 20–25 % of cases have no pigment and can be difficult to distinguish
from benign masses [109].

4 Presentation of Metastatic Cutaneous Melanoma

4.1 Presentation of Metastatic Cutaneous Melanoma
of Known Primary Site

The rate of metastatic relapse among patients with early-stage melanoma varies
depending on key prognostic factors: Breslow depth, mitotic rate, presence of
ulceration, and lymph node involvement. These factors make up the current
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American Joint Committee on Cancer staging system. The likelihood of metastatic
dissemination in patients with stage I–III melanoma is between 10 and 80 %,
depending on these prognostic variables. For example, a patient with stage IA
disease has a 10 % chance of developing metastatic disease over 15 years, a patient
with stage IIA disease has a 40 % chance, and a patient with stage IIIC disease has
approximately a 80 % chance of developing metastatic disease over a similar period
[70, 72].

Patients with a history of primary melanoma are typically monitored for disease
recurrence. Other than pathologic staging at diagnosis, blood tests and imaging are
used to verify that a patient does not have stage IV disease. Patients are then
followed with serial physical examinations, blood tests, and imaging. There is no
consensus regarding which imaging studies to do and when to do them. The
National Comprehensive Cancer Network (NCCN) recommends imaging for stage
I patients only if they have symptoms. For stage II patients, a chest X-ray is
optional; and for stage IIB and IIC and III, CT scans, PET scans, and MRI are
recommended as clinically indicated (www.NCCN.org). Surveillance practices are
therefore highly variable.

Presentation of metastatic cutaneous melanoma varies based on the location of
metastases. Approximately half the patients have a single site of distant metastasis
at initial presentation. Common sites of distant disease include cutaneous and
subcutaneous tissues (approximately 20 %), lungs, liver, and brain (approximately
50 % each). Less common sites of metastatic dissemination include the bones,
bowels, adrenal glands, and heart [110, 111].

The time to development of metastatic disease is highly variable. In a series of
patients undergoing surveillance at Yale University, the majority of recurrences
occurred by the end of the third year of follow-up, with 47 % recurring in the first
year and 32 % in the second year. Median interval between the first visit and time to
recurrence was 10.6 months, suggesting that follow-up should be more frequent and
involve additional laboratory and imaging studies in the initial years after diagnosis
[112].

4.2 Presentation of Metastatic Cutaneous Melanoma
of Unknown Primary Site

Metastatic melanoma of unknown primary can present in lymph nodes alone or in
distant organs as well as in lymph nodes. Nodal disease alone or limited dermal
metastases alone are thought to be stage III melanoma of unknown primary,
described in Sect. 3.2. This section focuses on stage IV metastatic melanoma of
unknown primary.

Up to 20 % of metastatic melanomas are of unknown primary site, depending on
the series [113]. Genotyping of metastatic melanomas of unknown primary indi-
cates a mutational pattern similar to that of cutaneous melanoma, rather than other
melanoma subtypes such as mucosal melanoma [114]. A number of potential

Melanoma: Clinical Presentations 123

http://www.NCCN.org


etiologies for melanoma of unknown primary site have been proposed; the most
likely etiology is the regression of melanocytes at the primary site due to activity of
tumor infiltrating lymphocytes, as reviewed by Lee et al. Other plausible expla-
nations for melanoma of unknown primary site include malignant transformation of
ectopic melanocytes, inability to differentiate a primary melanoma from benign nevi
based on appearance, and resection of the primary lesion without pathologic
examination of the biopsy site [33].

Presentation of stage IV melanoma of unknown primary is dependent on the site
of metastasis. In a series of 398 cases from the John Wayne Cancer Center, over half
had stage M1C disease at presentation (involvement of visceral organs other than the
lungs and/or elevation of lactate dehydrogenase levels). Over half had more than one
site of metastatic involvement, similar to the presentation of metastatic cutaneous
MKP site. The prognosis in this series, as in other series of melanoma of unknown
primary, appears to be superior to that of melanoma of known primary site, when
adjusted for stage at presentation of metastatic disease [33] and [88, 115–118].

5 Summary

In this chapter, we summarized the clinical presentation of cutaneous, uveal, and
mucosal melanomas. Each of these categories includes a mixed group of primary
sites of origin, as melanoma can originate in pigmented cells at any physical
location. The extent of disease at presentation influences the signs and symptoms
with which patients will present. Overall, less extensive disease is associated with
improved survival. Given the increasing incidence of this disease, heightened
awareness is warranted, as it might lead to earlier detection.

References

1. Clemente C, Cook M, Ruiter D, Mihm M (2001) Histopathologic diagnosis of melanoma.
World Health Organization melanoma programme publications, Milan, Trezzano SN

2. Bolognia JB, Jorizzo JL, Schaffer JV (2012) Dermatology. Saunders, Philadelphia
3. Ackerman A, Cerroni L, Kerl H (1994) Pitfalls in histopathologic diagnosis of malignant

melanoma. Lea & Febiger, Philadelphia
4. Lipsker D, Engel F, Cribier B et al (2007) Trends in melanoma epidemiology suggest three

different types of melanoma. Br J Dermatol 157(2):338–343
5. Swerdlow AJ, English J, Mackie RM et al (1986) Benign melanocytic naevi as a risk factor

for malignant melanoma. Br Med J (Clin Res Ed) 292:1555–1559
6. Weiss J, Bertz J, Jung EG (1991) Malignant melanoma in southern Germany: different

predictive value of risk factors for melanoma subtypes. Dermatologica 183:109–113
7. Argenziano G, Soyer HP, Chimenti S et al (2003) Dermoscopy of pigmented skin lesions:

results of a consensus meeting via the internet. J Am Acad Dermatol 48:679–693
8. Demierre MF et al (2005) Early detection of thick melanomas in the United States: beware of

the nodular subtype. Arch Dermatol 141(6):745–750
9. Koch SE, Lange JR (2000) Amelanotic melanoma: the great masquerader. J Am Acad

Dermatol 42:731–734

124 N. Kibbi et al.



10. Weinstock MA, Sober AJ (1987) The risk of progression of lentigo maligna to lentigo
maligna melanoma. Br J Dermatol 116:303–310

11. Stolz W, Schiffner R, Burgdorf WH (2002) Dermatoscopy for facial pigmented skin lesions.
Clin Dermatol 20:276–278

12. Shaw JH, Koea JB (1988) Acral (volar-subungual) melanoma in Auckland New Zealand.
Br J Surg 75:69–72

13. Phan A, Touzet S, Dalle S et al (2007) Acral lentiginous melanoma: histopathological
prognostic features of 121 cases. Br J Dermatol 157(2):311–318

14. Skender-Kalnenas TM, English DR, Heenan PJ (1995) Benign melanocytic lesions: risk
markers or precursors of cutaneous melanoma? J Am Acad Dermatol 33:1000–1007

15. Bauer J, Garbe C (2004) Risk estimation for malignant transformation of melanocytic nevi.
Arch Dermatol 140:127

16. Tsao H, Bevona C, Goggins W, Quinn T (2003) The transformation rate of moles
(melanocytic nevi) into cutaneous melanoma. A population based estimate. Arch Dermatol
139:282–288

17. Garbe C, Buttner P, Weiss J et al (1994) Risk factors for developing cutaneous melanoma
and criteria for identifying persons at risk: multicenter case-control study of the central
malignant melanoma registry of the German Dermatological Society. J Invest Dermatol
102:695–699

18. Caballos P, Barnhill R (1993) Spontaneous regression of cutaneous tumors. Adv Dermatol
8:229–261

19. Nestle FO, Burg G, Dummer R (1999) New perspectives on immunobiology and
immunotherapy of melanoma. Immunol Today 20:5–7

20. Marincola FM, Jaffee EM, Hicklin DJ, Ferrone S (2000) Escape of human solid tumors from
T-cell recognition: molecular mechanisms and functional significance. Adv Immunol
74:181–273

21. Barr RJ (1994) The many faces of completely regressed malignant melanoma. Pathology
(Phila) 2(2):359–370

22. Hayes PJ, Malone JC, Brown TC (2014) New blue-black nodule in a patient with a history of
melanoma. JAMA Dermatol 150:767–768

23. McGovern VJ, Shaw HM, Milton GW (1983) Prognosis in patients with thin malignant
melanoma: influence of regression. Histopathology 7:673–680

24. Abramova L, Slingluff CLJR, Patterson JW (2002) Problems in the interpretation of apparent
‘‘radial growth phase’’ malignant melanomas that metastasize. J Cutan Pathol 29:407–414

25. Ceballos PI, Barnhill RL (1993) Spontaneous regression of cutaneous tumors. Adv Dermatol
8:229–261

26. Boon T, Cerottini JC, Van den Eynde B et al (1994) Tumor antigens recognized by T
lymphocytes. Annu Rev Immunol 12:337–365

27. Menzies SW, McCarthy WH (1997) Complete regression of primary cutaneous malignant
melanoma. Arch Surg 132:553–556

28. Guitart J, Lowe L, Piepkorn M et al (2002) Histological characteristics of metastasizing thin
melanomas. Arch Dermatol 138:603–608

29. Clark WH, Elder DE, Guerry D et al (1989) Model predicting survival in stage I melanoma
based on tumor progression. J Natl Cancer Inst 81:1893–1904

30. Ronan SG, Eng AM, Briele HA et al (1987) Thin malignant melanomas with regression and
metastases. Arch Dermatol 123:1326–1330

31. Fontaine D, Parkhill W, Greer W et al (2003) Partial regression of primary cutaneous
melanoma. Am J Dermatopathol 25:371–373

32. Shaw HM, McCarthy WH, McCarthy SW et al (1987) Thin malignant melanomas and
recurrence potential. Arch Surg 122:1147–1150

33. Lee CC, Faries MB, Wanek LA, Morton DL (2008) Improved survival after
lymphadenectomy for nodal metastasis from an unknown primary melanoma. J Clin
Oncol 26:535–541

Melanoma: Clinical Presentations 125



34. Prens SP, van der Ploeg AP, van Akkooi AC, van Montfort CA, van Geel AN et al (2011)
Outcome after therapeutic lymph node dissection in patients with unknown primary
melanoma site. Ann Surg Oncol 13:3586–3592

35. High WA, Steward D, Wilbers CRH et al (2005) Completely regressed primary cutaneous
malignant melanoma with nodal and/or visceral metastases: a report of 5 cases and
assessment of the literature and diagnostic criteria. J Am Acad Dermatol 53(1):89–100

36. McClain SE, Mayo KB, Shada AL et al (2012) Amelanotic melanomas presenting as red skin
lesions: a diagnostic challenge with potentially lethal consequences. Int J Dermatol 51
(4):420–426

37. Bastian BC (2002) Molecular cytogenetics as a diagnostic tool for typing melanocytic
tumors. Recent Results Cancer Res 160:92–99

38. Bauer J, Bastian BC (2006) Distinguishing melanocytic nevi from melanoma by DNA copy
number changes: comparative genomic hybridization as a research and diagnostic tool.
Dermatol Ther 19:40–49

39. Sangüeza M, Zelger B (2007) Melanoma simulating atypical fibroxanthoma. Am J
Dermatopathol 29(6):551–554

40. Diaz-Cascajo C, Weyers W, Borghi S (2003) Pigmented atypical fibroxanthoma: a tumor that
may be easily mistaken for malignant melanoma. Am J Dermatopathol 25:1–5

41. McGregor DH, Cherian R, Romanas MM et al (2008) Amelanotic malignant melanoma: two
collision tumors presenting as basal cell carcinoma and atypical fibroxanthoma. Ann Clin
Lab Sci 38(2):157–162

42. Hiscutt EL, Adams JR, Ryan JM, Langtry JA et al (2009) Atypical fibroxanthoma, lentigo
maligna melanoma and squamous cell carcinoma arising in the site of a thermal burn treated
with skin grafts. Br J Oral Maxillofac Surg 47(2):157–158

43. Kossard S (2002) Atypical lentiginous junctional naevi of the elderly and melanoma. Aust J
Dermatol 43(2):93–101

44. Pralong P, Bathelier E, Dalle S et al (2012) Dermoscopy of lentigo maligna melanoma: report
of 125 cases. Br J Dermatol 167(2):280–287

45. Quinn MJ, Crotty KA, Thompson JF, et al (1998) Desmoplastic and desmoplastic
neurotropic melanoma: experience with 280 patients. Cancer 83:1128–35

46. Jaimes N, Chen L, Dusza SW, Carrera C et al (2013) Clinical and dermoscopic
characteristics of desmoplastic melanomas. JAMA Dermatol 149(4):413–421

47. McCarthy SW, Scolyer RA, Palmer AA (2004) Desmoplastic melanoma: a diagnostic trap
for the unwary. Pathology 36(5):445–451

48. Gartner MF, Fearns C, Wilson EL, et al (1992) Unusual growth characteristics of human
melanoma xenografts in the nude mouse: a model for desmoplasia, dormancy and
progression. Br J Cancer 65:487–90

49. Fearns C, Dowdle EB The desmoplastic response: induction of collagen synthesis by
melanoma cells in vitro. Int J Cancer 50:621–7

50. Bryant E, Ronan SG, Felix EL, Manaligod JR (1982) Desmoplastic malignant melanoma: a
study by conventional and electron micro-scopy. Am J Dermatopathol 4:467–474

51. From L, Hanna W, Kahn HJ, Gruss J, Marks A, Baumal R (1983) Origin of the desmoplasia
in desmoplastic malignant melanoma. Hum Pathol 14:1072–1080

52. De Almeida LS, Requena L, Rutten A et al (2008) Desmoplastic malignant melanoma: a
clinicopathologic analysis of 113 cases. Am J Dermatopathol 30:207–215

53. Zettersten E, Sagebiel RW, Miller III Jr et al (2002) Prognostic factors in patients with thick
cutaneous melanoma (>4 mm). Cancer 94:1049–1056

54. Hudson DA, Krige JE (1995) Melanoma in black South Africans. J Am Coll Surg 180:65–71
55. Chang JW, Yeh KY, Wang CH et al (2004) Malignant melanoma in Taiwan: a prognostic

study of 181 cases. Melanoma Res 14:537–541
56. Cress RD, Holly EA (1997) Incidence of cutaneous melanoma among non-Hispanic whites,

Hispanics, Asians, and blacks: an analysis of California cancer registry data, 1988–93.
Cancer Causes Control 8:246–252

126 N. Kibbi et al.



57. Cress RD, Holly EA (1997) Incidence of cutaneous melanoma among non-Hispanic whites,
Hispanics, Asians and blacks: an analysis of California cancer registry data, 1988–93. Cancer
Causes Control 8:246

58. Curtin JA, Fridlyand J, Kageshita T et al (2005) Distinct sets of genetic alterations in
melanoma. N Engl J Med 353:2135–2147

59. Torres-Cabala CA, Wang WL, Trent J et al (2009) Correlation between KIT expression and
KIT mutation in melanoma: a study of 173 cases with emphasis on the
acral-lentiginous/mucosal type. Mod Pathol 22:1446–1456

60. Stern DK, Creasey AA, Quijije J et al (2011) UVA and UVB penetration of normal human
cadaveric fingernail plate. Arch Dermatol 147(4):439–441

61. Gosselink CP, Sindone JL, Meadows BJ et al (2009) Amelanotic subungual melanoma: a
case report. J Foot Ankle Surg 48(2):220–224

62. Mohrle M, Hafner HM (2002) Is subungual melanoma related to trauma? Dermatology 204
(4):259–261

63. Bormann G, Marsch WC, Haerting J et al (2006) Concomitant traumas influence prognosis in
melanomas of the nail apparatus. Br J Dermatol 155(1):76–80

64. Reintgen DS, Cox C, Slingluff CLJ, Seigler HF (1992) Recurrent malignant melanoma: the
identification of prognostic factors to predict survival. Ann Plast Surg 28:45–49

65. Mathes SJ and Hentz VR (2006) Malignant melanoma. Saunders, Philadelphia
66. Erol B, Ufuk U, Husamettin T et al (2008) True hematogenous metastases of melanoma on

contralateral skin graft donor site: a case report. Melanoma Res 18(6):443–446
67. Hall JG, Herman C, Cook JL et al (2005) Melanoma arising in a skin graft. Ann Plast Surg

54:92–96
68. Mueller BM, Reisfeld RA, Edgington TS et al (1992) Expression of tissue factor by

melanoma cells promotes efficient hematogenous metastasis. Proc Natl Acad Sci USA
89:11832–11836

69. Bromberg ME, Konigsberg WH, Madison JF et al (1995) Tissue factor promotes melanoma
metastasis by a pathway independent of blood coagulation. Proc Natl Acad Sci USA
92:8205–8209

70. Balch CM, Gershenwald JE, Soong SJ, Thompson JF, Atkins MB et al (2009) Final version
of 2009 AJCC melanoma staging and classification. J Clin Oncol 27:6199–6206

71. Weide B, Faller C, Büttner P, Pflugfelder A et al (2013) Prognostic factors of melanoma
patients with satellite or in-transit metastasis at the time of stage III diagnosis. PLoS One 8
(4):e63137

72. Balch CM, Gershenwald JE, Soong SJ, Thompson JF, Atkins MB, Byrd DR, Buzaid AC,
Cochran AJ, Coit DG, Ding S, Eggermont AM, Flaherty KT, Gimotty PA, Kirkwood JM,
McMasters KM, Mihm MC Jr, Morton DL, Ross MI, Sober AJ, Sondak VK (2009) Final
version of 2009 AJCC melanoma staging and classification. J Clin Oncol 27(36):6199–6206.
doi:10.1200/JCO.2009.23.4799 Epub 2009 Nov 16

73. Wong JH, Cagle LA, Kopald KH et al (1990) Natural history and selective management of in
transit melanoma. J Surg Oncol 44:146–150

74. Cascinelli N, Bufalino R, Marolda R et al (1986) Regional non-nodal metastases of
cutaneous melanoma. Eur J Surg Oncol 12:175–180

75. Calabro A, Singletary SE, Balch CM (1989) Patterns of relapse in 1001 consecutive patients
with melanoma nodal metastases. Arch Surg 124:1051–1055

76. Zogakis TG, Bartlett DL, Libutti SK et al (2001) Factors affecting survival after complete
response to isolated limb perfusion in patients with in-transit melanoma. Ann Surg Oncol
8:771–778

77. Francken AB, Accortt NA, Shaw HM, Wiener M, Soong SJ et al (2008) Prognosis and
determinants of outcome following locoregional or distant recurrence in patients with
cutaneous melanoma. Ann Surg Oncol 15:1476–1484

78. Roses DF, Karp NS, Oratz R, Dubin N, Harris MN et al (1991) Survival with regional and
distant metastases from cutaneous malignant melanoma. Surg Gynecol Obstet 172:262–268

Melanoma: Clinical Presentations 127

http://dx.doi.org/10.1200/JCO.2009.23.4799


79. Kretschmer L, Preusser KP, Marsch WC, Neumann C (2000) Prognostic factors of overall
survival in patients with delayed lymph node dissection for cutaneous malignant melanoma.
Melanoma Res 10:483–489

80. Karakousis CP, Choe KJ, Holyoke ED (1980) Biologic behavior and treatment of intransit
metastasis of melanoma. Surg Gynecol Obstet 150:29–32

81. Estourgie SH, Nieweg OE, Valdes Olmos RA et al (2003) Review and evaluation of sentinel
node procedures in 250 melanoma patients with a median follow-up of 6 years. Ann Surg
Oncol 10:681–688

82. Estourgie SH, Nieweg OE, Kroon BB (2004) High incidence of in-transit metastases after
sentinel node biopsy in patients with melanoma. Br J Surg 91:1370–1371

83. Pawlik TM, Ross MI, Thompson JF et al (2005) The risk of in-transit melanoma metastasis
depends on tumor biology and not the surgical approach to regional lymph nodes. J Clin
Oncol 23(21):4588–4590

84. Van Poll D, Thompson JF, McKinnon JG et al (2005) A sentinel node biopsy does not
increase the incidence of in-transit metastasis in patients with primary cutaneous melanoma.
Ann Surg Oncol 12(8):597–608

85. Kretschmer L, Beckmann I, Thoms KM et al (2005) Sentinel lymphonodectomy does not
increase the risk of loco-regional cutaneous metastases of malignant melanomas. Eur J
Cancer 41:531–538

86. Thompson JF, Uren RF, Shaw HM et al (1999) Location of sentinel lymph nodes in patients
with cutaneous melanoma: new insights into lymphatic anatomy. J Am Coll Surg 189:195–
204

87. Meier F, Will S, Ellwanger U et al (2002) Metastatic pathways and time courses in the
orderly progression of cutaneous melanoma. Br J Dermatol 147:62–70

88. Das Gupta T, Bowden L, Berg JW (1963) Malignant melanoma of unknown primary origin.
Surg Gynecol Obstet 117:341–345

89. Ridolfi RL, Rosen PP, Thaler H (1977) Nevus cell aggregates associated with lymph nodes:
Estimated frequency and clinical significance. Cancer 39:164–171

90. Shenoy BV, Fort L 3rd, Benjamin SP (1987) Malignant melanoma primary in lymph node:
the case of the missing link. Am J Surg Pathol 11:140–146

91. Maurer H, McIntyre OR, Rueckert F (1974) Spontaneous regression of malignant melanoma:
pathologic and immunologic study in a ten year survivor. Am J Surg 127:397–403

92. Giuliano AE, Moseley HS, Irie RF et al (1980) Immunologic aspects of unknown primary
melanoma. Surgery 87:101–105

93. Tefany FJ, Barnetson RS, Halliday GM et al (1991) Immunocytochemical analysis of the
cellular infiltrate in primary regressing and non-regressing malignant melanoma. J Invest
Dermatol 97:197–202

94. Singh AD, Topham A (2003) Incidence of uveal melanoma in the United States: 1973–1997.
Ophthalmology 110:956–961

95. Jemal A, Siegel R, Xu J, Ward E (2010) Cancer statistics, 2010. CA Cancer J Clin 60:277–
300

96. Battaglia A (2014) The importance of multidisciplinary approach in early detection of BAP1
tumor predisposition syndrome: clinical management and risk assessment. Clin Med Insights
Oncol 28(8):37–47

97. Materin MA, Faries M, Kluger HM (2011) Molecular alternations in uveal melanoma. Curr
Probl Cancer 35(4):211–224

98. Field MG, Harbor JW (2014) Recent developments in prognostic and predictive testing
in uveal melanoma. Curr Opin Ophthalmol 25(3):234–239

99. Luke JJ, Triozzi PL, McKenna KC, Van Meir EG, Gershenwald JE, Bastian BC, Gutkind JS,
Bowcock AM, Streicher HZ, Patel PM, Sato T, Sossman JA, Sznol M, Welch J, Thurin M,
Selig S, Flaherty KT, Carvajal RD (2014) Biology of advanced uveal melanoma and next
steps for clinical therapeutics. Pigment Cell Melanoma Res 28:135–147

128 N. Kibbi et al.



100. Carvajal RD, Sosman JA, Quevedo JF, Milhem MM, Joshua AM, Kudchadkar RR,
Linette GP, Gajewski TF, Lutzky J, Lawson DH, Lao CD, Flynn PJ, Albertini MR, Sato T,
Lewis K, Doyle A, Ancell K, Panageas KS, Bluth M, Hedvat C, Erinjeri J, Ambrosini G,
Marr B, Abramson DH, Dickson MA, Wolchok JD, Chapman PB, Schwartz GK (2014)
Effect of selumetinib vs chemotherapy on progression-free survival in uveal melanoma: a
randomized clinical trial. JAMA 311(23):2397–2405

101. Chang AE, Karnell LH, Menck HR (1998) The national cancer data base report on cutaneous
and noncutaneous melanoma: a summary of 84,836 cases from the past decade. The
American College of surgeons commission on cancer and the American Cancer Society.
Cancer 83:1664

102. Patrick RJ, Fenske NA, Messina JL (2007) Primary mucosal melanoma. J Am Acad
Dermatol 56(5):828–834

103. Bishop KD, Olszewski AJ (2014) Epidemiology and survival outcomes of ocular and
mucosal melanomas: a population-based analysis. Int J Cancer 134(12):2961–2971

104. McLean N, Tighiouart M, Muller S (2008) Primary mucosal melanoma of the head and
neck. Comparison of clinical presentation and histopathologic features of oral and sinonasal
melanoma. Oral Oncol 44(11):1039–1046. doi:10.1016/j.oraloncology.2008.01.014

105. Yii NW, Eisen T, Nicolson M, A’Hern R, Rhys-Evans P, Archer D, Henk JM, Gore ME
(2003) Mucosal malignant melanoma of the head and neck: the Marsden experience over
half a century. Clin Oncol (R Coll Radiol) 15(4):199–204

106. DeMatos P, Tyler D, Seigler HF (1998) Mucosal melanoma of the female genitalia: a
clinicopathologic study of forty-three cases at Duke University Medical Center. Surgery 124
(1):38–48

107. Mehra T, Grözinger G, Mann S, Guenova E, Moos R, Röcken M, Claussen CD, Dummer R,
Clasen S, Naumann A, Garbe C (2014) Primary localization and tumor thickness as
prognostic factors of survival in patients with mucosal melanoma. PLoS One 9(11):e112535

108. Cagir B, Whiteford MH, Topham A, Rakinic J, Fry RD (1999) Changing epidemiology of
anorectal melanoma. Dis Colon Rectum 42:1203–1208

109. Brady MS, Kavolius JP, Quan SH (1995) Anorectal melanoma: a 64-year experience at
Memorial Sloan-Kettering Cancer Center. Dis Colon Rectum 38:146–151

110. Tas F (2012) Metastatic behavior in melanoma: timing, pattern, survival, and influencing
factors. J Oncol 2012(647684)

111. Flanigan JC, Jilaveanu LB, Faries M, Sznol M, Ariyan S, Yu JB, Knisely JP, Chiang VL,
Kluger HM (2011) Melanoma brain metastases: is it time to reassess the bias? Curr Probl
Cancer 35(4):200–210

112. Poo-Hwu WJ, Ariyan S, Lamb L, Papac R, Zelterman D, Hu GL, Brown J, Fischer D,
Bolognia J, Buzaid AC (1999) Follow-up recommendations for patients with American Joint
Committee on cancer stages I-III malignant melanoma. Cancer 86:2252–2258

113. Lee CC, Faries MB, Wanek LA et al (2009) Improved survival for stage IV melanoma from
an unknown primary site. J Clin Oncol 27:3489–3495

114. Egberts F, Bergner I, Krüger S, Haag J, Behrens HM, Hauschild A, Röcken C (2014)
Metastatic melanoma of unknown primary resembles the genotype of cutaneous melanomas.
Ann Oncol 25(1):246–250

115. King R, Page RN, Googe PB et al (2005) Lentiginous melanoma: a histologic pattern of
melanoma to be distinguished from lentiginous nevus. Mod Pathol 18(10):1397–1401

116. Satzger I, Völker B, Kapp A, Gutzmer R (2007) Tumoral melanosis involving the sentinel
lymph nodes: a case report. J Cutan Pathol 34(3):284–286

117. Essner R, Lee JH, Wanek LA, Itakura H, Morton DL (2004) Contemporary surgical
treatment of advanced-stage melanoma. Arch Surg 139:961–966

118. Egan KM, Seddon JM, Glynn RJ, Gragoudas ES, Albert DM (1988) Epidemiologic aspects
of uveal melanoma. Surv Ophthalmol 32:239–251

Melanoma: Clinical Presentations 129

http://dx.doi.org/10.1016/j.oraloncology.2008.01.014


Principles of Melanoma Staging

Genevieve M. Boland and Jeffrey E. Gershenwald

Abstract
Although now commonplace in contemporary cancer care, the systematic
approach to classification of disease-specific cancers into a formalized staging
system is a relatively modern concept. Overall, the goals of cancer staging are to
characterize the status of cancer at a specific moment in time, risk stratify,
facilitate prognostication, and inform clinical decision making. The revisions to
the American Joint Committee on Cancer (AJCC) melanoma staging system
over time reflect changes in our understanding of the biology of the disease.
Since the 1st edition, where tumor thickness was defined anatomically by its
relationship to the reticular or papillary dermis (Clark level) as well as tumor
thickness (Breslow thickness), there have been significant strides in our use of
clinicopathological variables to stratify low- versus high-risk patients. Manage-
ment of the regional nodal basin has also changed dramatically over time,
impacted by techniques such as lymphatic mapping and sentinel lymph node
biopsy (SLNB) and changes in pathological evaluation of the regional lymph
nodes. Additionally, stratification of distant metastases has evolved as survival
outcomes have been shown to vary based upon anatomic site of metastases and
serum lactate dehydrogenase levels. The variables in use in the current
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(7th edition) AJCC staging system are surrogate markers of biology with
validated impact of survival outcomes. Going forward, it is likely that these and
additional clinicopathological factors will be integrated with molecular and other
correlates of melanoma tumor biology to further refine and personalize
melanoma staging.
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1 Introduction and History

Although now commonplace in contemporary cancer care, the systematic approach
to classification and description of tissue-specific cancers into a formalized staging
system is a relatively modern concept. The first approach to oncologic staging was
undertaken by the League of Nations Health Organization in the 1920s, by creating
a Cancer Commission to examine cancer-related mortality and begin to catalogue
the incidence and mortality of cancer from specific organs [1]. The International
Union against Cancer (UICC) in Europe created a Committee on Clinical Stage
Classification and Applied Statistics in 1952, while in the USA, the American Joint
Committee on Cancer (AJCC) was founded in 1959 for a similar purpose. The first
edition of the AJCC Cancer Staging Manual was published in 1977, and the UICC
and AJCC established a formal relationship in 1987 [2–4].

In 1947, Ackerman and Del Regato described a four-tier system for staging of
cutaneous melanoma based upon observed differences in death rates for these
separate groups and included patients with (1) distant metastases, (2) clinically
positive, histologically positive regional nodal metastases, (3) clinically negative,
histologically positive regional nodal metastases, and (4) clinically and pathologi-
cally negative regional nodes [5]. This preceded the official TNM staging system
for melanoma, which was established in the early 1960s. Inadequacies of the ori-
ginal TNM classification prompted transition to the three-stage clinicopathological
system proposed by McNeer and Das Gupta from Memorial Sloan-Kettering
Cancer Center in 1964 [6]. In the late 1970s, a four-stage system was developed at
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the University of Texas MD Anderson Cancer Center to specifically address the
subset of patients with local, intransit, and satellite lesions who may be appropriate
for limb perfusion [7]. Up to this point, the staging systems were based primarily
upon clinical criteria that failed to further-stage patients with isolated primary
melanoma, a group that comprises the largest clinical group of patients with newly
diagnosed melanoma.

In 1970, Breslow defined microstaging in a quantitative way by defining the
maximal thickness of the tumor [8], and in 1978, Breslow et al. [9] and Balch et al.
[10] independently compared Breslow depth and Clark level and showed that
Breslow depth was a more powerful and reproducible prognostic factor in mela-
noma. This allowed classification of the primary lesion based upon microscopic
assessment of tumor depth of invasion. This technique requires identification of the
deepest part of the tumor by the pathologist and measurement of the thickness in
millimeters (mm), as defined by Breslow [8, 11]. According to College of American
Pathologists (CAP) 2011 guidelines, “Maximum tumor thickness is measured with a
calibrated ocular micrometer at a right angle to the adjacent normal skin. The upper
point of reference is the granular layer of the epidermis of the overlying skin or, if the
lesion is ulcerated, the base of the ulcer. The lower reference point is the deepest
point of tumor invasion (i.e., the leading edge of a single mass or an isolated group of
cells deep to the main mass).” (http://www.cap.org/apps/docs/committees/cancer/
cancer_protocols/2011/SkinMelanoma_11protocol.pdf.) In multiple studies using
multifactorial analysis, tumor thickness remains the most powerful predictor of
survival [10, 12–15] and is the dominant variable in assigning patients to a T stage.

The AJCC published the first formalized staging system incorporating micro-
staging of the primary tumor in 1977 [16]. Stage I was classified by primary lesions
and was divided into subgroups based upon the spread into the papillary dermis
(level II) and/or ≤0.75 mm thick (IA) versus the papillary–reticular dermal interface
(level III) and/or if 0.76–1.5 mm thick (IB). Stage II included patients with first
station regional nodal spread or satellites within 2 cm of the primary lesion.
Stage III included patients with massive or fixed regional lymph nodes or
contralateral/bilateral nodal involvement. Stage IV included patients with distant
metastases (Table 1). However, this staging system was not well received due to the
over-simplification of stage I and II criteria and the vague nature of the definition of
stage III disease [16–18]. In 1983, the AJCC melanoma staging system was updated
to include more meaningful points for tumor thickness, a transition of intransit
metastases from stage II to stages III or IV, and a restructuring of nodal disease into
the appropriate stage categories based upon regional nodal versus distant nodal
spread. At that time, it was appreciated that the concept of nodal burden was
important and the new system included quantification of node size and number of
intransit metastases. While more precise than the previous system, the staging
system remained quite complex and did not gain popularity for this reason [17].

In 2001, the 6th edition of the AJCC staging manual for cancer included sig-
nificant revisions based upon the analysis of 17,600 patients in the AJCC melanoma
staging database [15]. T-category criteria were narrowed to include only Breslow
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thickness with thresholds of 1.0, 2.0, and 4.0 mm. The stage IV data cohort was
expanded fivefold and contained data relating to the prognostic value of serum
lactate dehydrogenase (LDH) level [15]. In 2009, the 7th edition of the AJCC
system was published and included formal evaluation of the role of mitotic rate as a
prognostic factor and assessment of nodal tumor burden to assess the role of
lymphatic mapping and sentinel lymph node biopsy (SLNB) for staging of regional
nodes. The criteria used for stage III was re-assessed and re-evaluated [19].

The revisions of the AJCC melanoma staging system reflect changes in our
understanding of the biology of melanoma. The first edition defined tumor thick-
ness anatomically, by Clark level and Breslow thickness. Over time, primary tumor
criteria have become progressively more refined with the inclusion of an assessment
of primary tumor ulceration and mitotic activity. Management of the regional nodal
basin has also evolved significantly. For example, patients with primary cutaneous
melanoma and clinically negative regional nodes deemed to have sufficient risk of
occult microscopic regional metastasis are offered surgical evaluation of these
regional nodal basins at risk using techniques such as lymphatic mapping and
sentinel lymph node biopsy (SLNB) and more enhanced pathological evaluation of
the sentinel nodes [20, 21]. Finally, stratification of distant metastases has evolved,
as survival outcome analyses have demonstrated differences based upon site(s) of
distant metastases and the presence of elevated serum LDH [19].

Table 1 1977 (1st edition) AJCC staging system for melanoma [16] (need to obtain permission)

Primary tumor

T1 Invasion of papillary dermis and/or <0.75 mm thickness
Tla: Satellite(s) within immediate or regional area of the primary lesion
Tib: Intransit metastasis directed towards lymph node-draining basin

T2 Papillary-reticular dermis interface and/or 0.75–1.5 mm thickness
Tla: Satellite(s) within immediate or regional area of the primary lesion
Tib: Intransit metastasis directed towards lymph node-draining basin

T3 Reticular dermis and/or 1.51–3.0 mm thickness
Tla: Satellite(s) within immediate or regional area of the primary lesion
Tib: Intransit metastasis directed towards lymph node-draining basin

T4 Subcutaneous tissue and/or greater than 3 mm thickness
Tla: Satellite(s) within immediate or regional area of the primary lesion
Tib: Intransit metastasis directed towards lymph node-draining basin

Nodal involvement

N0 No regional lymph node involvement

N1 Regional lymph node involvement of first station nodes only

N2 Lymph node involvement other than first station nodes

Distant metastasis

Mx Not assessed

M0 No known distant metastases

Ml Distant metastasis present: specify site
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Overall, the goals of cancer staging are to characterize and communicate cancer
status at a specific time, risk stratify, offer prognostic insight, and inform our
clinical treatment decision-making process. The variables included in the current
AJCC staging system reflect surrogate markers of biology with validated impact of
survival outcomes. A vision for the future is to combine these and additional
clinicopathological factors with new data analytics and molecular data to better
personalize prognostic information and to distinguish differences in tumor biology
with associated clinical impact.

2 TNM Classification (Table 1)

2.1 Primary Tumor (T)

Currently, TX indicates that the tumor cannot be assessed, whereas T0 means there
is no evidence of primary tumor. Tis represents melanoma in situ, a situation in
which abnormal melanocytes are present, but are confined to the epidermis of the
skin. The remaining T classifications (T1–T4) collectively describing invasive
melanomas (i.e., with dermal involvement) are defined by tumor thickness (Bre-
slow) measured in mm (T1 ≤ 1 mm; T2 1.01–2.00 mm; T3 2.01–4.00;
T4 > 4.0 mm) (Table 2). Multivariate analyses from multiple studies have dem-
onstrated that Breslow tumor thickness is the most powerful predictor of survival
among patients with early-stage melanoma [10, 12–15]. Since the 6th edition of the
AJCC staging manual, these tumor thickness cut points have been defined as
integers (i.e., 1, 2, and 4 mm).

Primary tumor ulceration was also included as a T classification and staging
criterion beginning with the 6th edition of the AJCC melanoma staging system,
based on its independent adverse prognostic significance with respect to survival in
many studies [14, 15, 22–26]. As per 2009 CAP guidelines, it is defined as the
combination of a full-thickness epidermal defect, evidence of reactive changes, and
thinning, effacement, or reactive hyperplasia of the surrounding epidermis without
trauma or evidence of a recent surgical procedure (http://www.cap.org/apps/docs/
committees/cancer/cancer_protocols/2011/SkinMelanoma_11protocol.pdf). Ulcer-
ated primary tumors are designated with a “b” suffix (e.g., T1b), and non-ulcerated
primary tumors are designated with an “a” suffix (e.g., T1a) (Table 2).

An additional pathological variable utilized in the T1 classification is primary
tumor mitotic rate (units, mitoses per mm2). Mitotic rate is determined using the
dermal “hotspot” approach by assessing for the area of vertical growth phase
containing the most mitotic figures, with inclusion of adjacent fields until an area of
1 mm2 has been assessed (please refer to 7th edition AJCC melanoma staging
system chapter for further details) [19, 27]. Multiple studies have demonstrated a
lower survival for patients whose primary tumor has mitotic activity compared to
those without mitoses [28–31]. In a multifactorial analysis of over 10,000 patients
with localized melanoma, the AJCC melanoma staging database demonstrated that
mitotic rate, when dichotomized as <1 mitosis/mm2 versus ≥1 mitosis/mm2, was
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second only to tumor thickness as a predictor of survival (p < 0.0001), especially
among patients with T1 melanomas [19]. Therefore, in the AJCC 7th edition
staging manual, mitotic rate replaced level of invasion in defining the T1b category,
except in the rare circumstances when mitotic rate cannot be accurately determined

Table 2 AJCC 7th edition TNM staging categories for cutaneous melanoma [19]

Melanoma TNM classification

Classification Thickness (mm) Ulceration Status/Mitoses

T

Tis NA NA

T1 ≤1.00 mm a: Without ulceration and mitosis <1/mm2

b: With ulceration or mitoses >1/mm2

T2 1.01–2.00 mm a: Without ulceration

b: With ulceration

T3 2.01–4.00 mm a: Without ulceration

b: With ulceration

T4 >4.00 mm a: Without ulceration

b: With ulceration

N No. of metastatic
nodes

Nodal metastatic burden

N0 0 NA

N1 1 a: Micrometastasisa

b: Macrometastasisb

N2 2–3 a: Micrometastasisa

b: Macrometastasisb

c: In transit metastases/satellites without metastatic nodes

N3 4 + metastatic nodes,
or matted nodes, or
in transit metastases/satellites
with metastatic nodes

M Site Serum LDH

M0 No distant metastases NA

M1a Distant skin, subcutaneous, or
nodal mets

Normal

M1b Lung metastases Normal

M1c All other visceral metastases Normal

Any distant metastasis Elevated

M Site Serum LDH

M0 No distant metastases NA

M1a Distant skin, subcutaneous, or
nodal mets

Normal

M1b Lung metastases Normal

M1c All other visceral metastases Normal

Any distant metastasis Elevated

Abbreviations: NA not applicable; LDH lactate dehydrogenase
aMicrometastases are diagnosed after sentinel lymph node biopsy
bMacrometastases are defined as clinically detectable nodal metastases confirmed pathologically
From Balch et al. [19] with permission
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[19]. A subsequent expanded analysis of the 7th edition AJCC database supported
this association between increasing mitotic rate (when explored as a continuous
variable) and decreasing survival in patients with stage I and II disease [32].

For the remaining T categories, tumor thickness is stratified by integer cut points
(T2, T3, and T4 as >1–2 mm, >2–4 mm, and >4 mm, respectively) with (b) versus
(a) subclassification based on the presence or absence of primary tumor ulceration
(Table 2). In the AJCC 7th edition, the 10-year survival rates for patients with T1,
T2, T3, and T4 primary tumors were 92, 80, 63, and 50 %, respectively [19]. It has
also been established that survival rates for patients with ulcerated primary tumors
are worse than for those with non-ulcerated tumors of the same T category and
actually quite similar to the survival rate of the next highest T category for
non-ulcerated primaries (Fig. 1). For example, a T3a lesion (2.01–4 mm and
non-ulcerated) has a 5-year survival of 79 versus 82 % for a T2b tumor (1.01–2 mm
and ulcerated). Therefore, the presence of ulceration can group a T2 primary
melanoma within stage IIA (rather than stage I), given the similarity of survival
outcomes between thinner, ulcerated tumors and non-ulcerated tumors from the
next higher T category [15].
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Fig. 1 Survival curves from the American Joint Committee on Cancer melanoma staging
database comparing (a) the different T categories and (b) the stage groupings for stages I and II
melanoma. For patients with stage III disease, survival curves are shown comparing (c) the
different N categories and (d) the stage groupings. From Balch et al. [19] with permission

Principles of Melanoma Staging 137



2.2 Regional Lymph Nodes (N)

There is significant prognostic heterogeneity among patients with regional metas-
tases. Since regional lymph nodes are the most common site of metastasis for
patients who present with primary cutaneous melanoma, clinical and pathological
evaluation of lymph nodes represent critical components of the melanoma staging
system. Clinical staging relies upon the clinical and/or radiographic detection of
metastasis-containing regional nodes, whereas pathological staging is dictated by
pathological examination of the node(s) after sentinel lymph node biopsy (SLNB)
or lymph node dissection (LND).

It is evident that tumor burden has a significant impact on survival outcomes and
is an important prognostic factor. Several studies have shown that even limited
regional node tumor burden is associated with poorer survival outcomes over time
[33, 34]. Moreover, prospective randomized clinical trials, such as the Multicenter
Selective Lymphadenectomy Trial-1 (MSLT-1) as well as other studies, demon-
strate that patients with micrometastatic lymph node disease (i.e., detected patho-
logically in sentinel lymph nodes after SLNB) have significantly better survival
rates than those who develop macrometastatic disease (i.e., detected clinically and
confirmed by therapeutic lymphadenectomy OR when nodal metastases demon-
strate gross extracapsular extension upon review of pathology) [14, 15, 19, 35–37].

Data from the AJCC melanoma staging database have demonstrated the
importance of number of positive regional lymph nodes, regional node tumor
burden (empirically defined in the 7th edition AJCC staging system as microscopic
versus macroscopic), and the presence or absence of primary tumor ulceration as
independent predictors of survival in patients with stage III melanoma (Tables 2, 3
and 4) [15, 19]. Importantly, at least some studies have reported that even small
burden of nodal disease (including isolated tumor cells in sentinel nodes) can be
associated with poorer melanoma-related outcomes [33, 34]. Noting their
long-standing use in melanoma clinical practice, immunohistochemical analysis of
regional lymph nodes was formally acknowledged in the 7th edition AJCC mela-
noma staging system and represents a more sensitive way of identifying melanoma
cells, using melanoma-specific antibodies (e.g., HMB-45, Melan A, and MART 1),
compared to use of routine hematoxylin and eosin alone. Use of this technique has
been shown to increase the sensitivity of SLNB for detecting occult regional SLN
metastases [38–40] and has been widely embraced for contemporary SLN patho-
logical assessment.

The stratification of patients into the appropriate N category is primarily based
upon the number of metastatic nodes, while the subclassification within the N
grouping reflects the burden of disease, defined as either microscopic (a) or mac-
roscopic (b). These categories reflect well-characterized differences in 10-year
survival among these groups of patients [10, 19, 41–43]. N0 corresponds to the
absence of detectable regional metastases. NX represents patients for whom the
regional nodes cannot be assessed, such as those who have already had a lym-
phadenectomy for other reasons. N1 signifies the presence of metastasis in only 1
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node; N1a represents micrometastatic disease (i.e., detected upon pathological
evaluation of the SLN) and N1b represents macrometastatic disease (i.e., detected
clinically and confirmed by pathological review, or when nodal metastasis exhibits
gross extracapsular extension) in a single node. The N2 category describes patients
with 2–3 positive lymph nodes, with the same subclassification into (a) and
(b) based upon the micro- versus macrometastatic disease. N2c describes patients
with intransit metastases or satellites without regional metastatic nodes, and N3
encompasses patients with 4 or more metastatic nodes, matted nodes, or those with
intransit/satellite lesions, and regional nodal disease (Table 1).

Since the publication of the 7th edition of the AJCC melanoma staging manual,
several studies have examined clinicopathological factors that predict sentinel lymph
node positivity and/or survival outcomes. Increasing age, often associated with

Table 3 AJCC 7th edition anatomic stage groupings for cutaneous melanoma

Clinical staginga Pathologic stagingb

T N M T N M

0 Tis N0 M0 0 Tis N0 M0

IA T1a N0 M0 IA T1a N0 M0

IB T1b N0 M0 IB T1b N0 M0

T2a N0 M0 T2a N0 M0

IIA T2b N0 M0 IIA T2b N0 M0

T3a N0 M0 T3a N0 M0

IIB T3b N0 M0 IIB T3b N0 M0

T4a N0 M0 T4a N0 M0

IIC T4b N0 M0 IIC T4b N0 M0

III Any T N > N0 M0 IIIA T1–4a N1a M0

T1–4a N2a M0

IIIB T1–4b N1a M0

T1–4b N2a M0

T1–4a N1b M0

T1–4a N2b M0

T1–4a N2c M0

IIIC T1–4b N1b M0

T1–4b N2b M0

T1–4b N2c M0

Any T N3 M0

IV Any T Any N M1 IV Any T Any N M1
aClinical staging includes microstaging of the primary melanoma and clinical/radiologic evaluation
for metastases. By convention, it should be used after complete excision of the primary melanoma
with clinical assessment for regional and distant metastases
bPathologic staging includes microstaging of the primary melanoma and pathologic information
about the regional lymph nodes after partial (i.e., sentinel node biopsy) or complete
lymphadenectomy. Pathologic stage 0 or stage IA patients are the exception; they do not
require pathologic evaluation of their lymph nodes
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tumors containing features of more aggressive tumor biology, has been associated
with a decreased incidence of a positive sentinel lymph node, but a higher
melanoma-specific mortality rate compared to a younger cohort of patients [44].

The presence of non-nodal regional disease, including intransit metastases,
satellites, and microsatellitosis, is clinically relevant in melanoma. The formation of
these metastatic deposits reflects a spectrum of tumor biology and represents a
disease entity with unique treatment options, including locoregional approaches and
intralesional therapies. Intransit metastases have been classically defined as cuta-
neous or subcutaneous regional metastasis that are located greater than 2 cm from
the primary melanoma site, between the primary melanoma site and the draining
regional lymph node basin. Satellite metastases are defined as grossly visible
cutaneous and/or subcutaneous metastases occurring within 2 cm of the primary
melanoma. Clinically, however, satellites and intransits are generally considered to
be similar manifestations of intralymphatic metastasis. Microsatellitosis is the
presence of tumor nests > or at least 0.05 mm in diameter separate from the
principal tumor, but separated from it by at least 0.3 mm of normal tissue and found
on pathological evaluation of the primary melanoma. Importantly, while the sig-
nificance of microsatellites is still not clearly defined, they have been associated
with unfavorable pathological features [45]. Therefore, they are still included in
N2c. In the 7th edition melanoma staging system, non-nodal regional metastasis is
classified as N2c. These locoregional non-nodal melanoma metastases represent
manifestations of intralymphatic disease. Survival estimates for the subset of
patients with N2c disease were somewhat better than the other stage IIIB cohort
[46], although they remain 90 % of stage IIIB category given their statistical fit in
terms of survival outcomes [19].

Table 4 Five-year survival rates for patients with stage III disease stratified by number of
metastatic nodes, primary tumor ulceration, and nodal tumor burden (microscopic or macroscopic)
(N = 2313)

Rates by type and no. of metastasesa

Primary tumor
ulceration

No. of nodal micrometastases
% ± SE
(n = 1872)

No. of nodal macrometastases
% ± SE
(n = 441)

1 2–3 ≥4 1 2–3 ≥4

Absent 81.5 ± 1.9
(777b)

73.2 ± 3.7
(246)

38.0 ± 8.5
(46)

51.6 ± 7.2
(75)

46.6 ± 7.9
(67)

45.4 ± 9.1
(50)

Present 56.6 ± 2.9
(531)

53.9 ± 4.2
(223)

34.0 ± 8.3
(49)

49.4 ± 6.2
88)

37.7 ± 6.2
(93)

29.2 ± 6.7
(68)

Note Stage III disease indicates nodal metastases
Total No. of patients = 2313
Abbreviation: SE standard error
aOverall statistical significance, P < 0.001
bIndicates the sample size for each subgroup
From Balch et al. [59] with permission
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2.3 Distant Metastases (M)

In the 7th edition AJCC staging manual, M0 represents no evidence of distant
metastasis, and M1 indicates distant metastasis. M1a includes metastases to distant
skin, subcutaneous tissue, or lymph nodes; M1b includes pulmonary metastases;
and M1c represents metastases to all other visceral sites or distant metastases to any
site in the setting of an elevated lactate dehydrogenase (LDH) level (Table 2).
Based on analyses leading to the 7th edition AJCC staging system, 1-year survival
rates for patients with M1a, M1b, and M1c diseases were 62, 53, and 33 %,
respectively [19]. If patients have distant metastases to more than one site, they are
classified according to the highest M1 category that is involved.

Although the use of a serum marker is relatively uncommon for cancer staging,
the presence of an elevated LDH was included in the AJCC staging system, since the
6th edition, when it was shown to be an independent and highly significant adverse
predictor of survival, regardless of the site(s) of distant disease [47–50]. The 1-year
survival of patients with an elevated LDH compared to those without an elevated
LDH was 32 and 65 %, respectively (Fig. 2). According to the 7th edition AJCC
staging manual, it is recommended that a repeat LDH level separated by more than
24 h be performed to appropriately document an elevated serum LDH [27].

3 Stage Groupings (Table 2)

3.1 Localized Disease (Stages I and II)

The prognosis for patients with localized melanoma—i.e., without regional and/or
distant metastasis and hence N0M0—is generally favorable. Stage I represents
earliest-stage invasive melanoma and stage II overall represents an intermediate-risk

Fig. 2 Survival curves of 7635 patients with metastatic melanomas at distant sites (stage IV)
subgrouped by (a) the site of metastatic disease and (b) serum lactose dehydrogenase (LDH) levels.
LDH values are not used to stratify patients. Curves in (a) are based only on site of metastasis. The
number of patients is shown in parentheses. SQ subcutaneous. From Balch et al. [19] with
permission. Stage IV survival curves from the 7th edition of the AJCC melanoma staging database
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category; there is, however, heterogeneity within these groups. Stage IA includes T1
melanomas without primary tumor ulceration and with <1 mitosis/mm2 (i.e., Tla).
Stage IB includes T1 melanomas with ulceration and/or at least 1 mitosis/mm2 (T1b)
and T2a melanomas (1.01–2 mm thick without ulceration.) Stage II patients include
stage IIA (T2b and T3a), stage IIB (T3b and T4a), and stage IIC (T4b) (Tables 2
and 3).

3.2 Regional Disease (Stage III)

Stage III is defined by the presence of locoregional metastases and includes both
nodal and non-nodal regional disease. Primary tumor ulceration was initially
incorporated into the 6th edition AJCC stage III staging system when it was shown
to be an independent adverse predictor of survival among patients with regional
nodal disease [15]. This observation has been corroborated in the 7th edition AJCC
analyses [19]. Similar to the adverse impact of ulceration in stages I and II disease,
ulceration has also been associated with adverse survival in stage III melanoma,
essentially upstaging a patient whose primary tumor is ulcerated to that of a patient
with a non-ulcerated primary tumor who has a higher nodal tumor burden category
(Tables 3 and 4) [51]. For these patients, pathological staging facilitates the strat-
ification of patients according to nodal tumor burden [14, 15, 19, 36, 37].

Stage IIIA includes patients with 1–3 microscopic disease-containing regional
lymph nodes (N1a and N2a), generally by sentinel node biopsy in patients with a
non-ulcerated primary tumor, and is associated overall with 5-year and 10-year
survival rates of 78 and 68 %, respectively [19] (Tables 2, 3, and 4 and Fig. 1).
Patients with pathological stage IIIB are those with 1–3 microscopically involved
regional lymph nodes and an ulcerated primary tumor, 1–3 macroscopically
involved regional lymph nodes but with a non-ulcerated primary tumor, or patients
with intralymphatic regional metastases (e.g., satellites, intransits) who have no
regional lymph node metastasis (N2c). The 5-year survival rate for this group is
59 % and 10-year survival rate is 43 % [19]. Stage IIIC melanoma is comprised of
patients with 1–3 macroscopically involved regional nodes and an ulcerated pri-
mary tumor, patients with N3 disease (>3 nodes) regardless of the T category, and
patients who have both satellite/intransit disease and regional lymph node metas-
tases. The 5-year and 10-year survival estimates for this group are 40 and 24 %,
respectively (Fig. 1).

3.3 Distant Metastases (Stage IV)

Overall, the prognosis for patients with distant melanoma metastasis has historically
been poor, with overall 5-year survival rates of <10 % [52–54]. Beginning with the
6th edition AJCC melanoma staging system, site of metastasis and/or presence of
elevated LDH has been used to stratify M1 disease [15], with associated differences
in survival outcomes (Table 2, Fig. 2) [19]. Several studies have reported that the
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number of distant metastases may be prognostically relevant in patients with
metastatic melanoma [52, 55, 56]. While these observations are supported by the
AJCC database analysis [15, 19], it has not been formally incorporated into the
staging system, due at least in part to potential variability in diagnostic modalities
utilized and difficulty in standardization and quantification of these data.

4 Future Directions

While the AJCC melanoma staging system offers invaluable insight into the clinical
management of this disease, there are nonetheless inherent constraints to the current
TNM-based staging system, such as the limited number of factors that can be
included, the inability to use continuous variables, that estimates of survival are
based solely at the time of diagnosis, and the inability to incorporate multiple,
individual risk factors to create a truly integrated risk-assessment model [57]. The
need for improved prognostication tools in melanoma is an area of great interest.
Analysis of the AJCC database has yielded proof of concept tools such as a
Web-based electronic prediction tool for melanoma patients with localized disease
(http://www.melanomaprognosis.org/) [58].

The date and time of diagnosis is traditionally used to calculate 5-year and
10-year survival. However, these initial survival estimates may become less rele-
vant during the course of treatment, particularly for patients with advanced disease
who are alive for a period of time following diagnosis of their advanced disease
[51]. Conditional probability survival analysis—defined as assessment of survival
at some point in time following initial diagnosis of a particular stage of disease, can
provide a more contextually relevant assessment of the clinical status of such
patients. The inclusion and integration of new statistical models and contemporary
analytic approaches facilitate inclusion of additional variables and/or use of con-
tinuous variables into staging and prognostic factor analyses. Such approaches will
likely facilitate the inclusion of features such as molecular endpoints to better
estimate melanoma-specific and disease-free survival within individual patient
settings [57, 59–63].

Analysis of the 7th edition AJCC database has already identified important
variables that are predictive of survival such as patient age, gender, primary tumor
site, extent of microscopic burden, and number of sites of distant metastases.
Improved analytic tools may allow the incorporation of these variables into refined
prognostic algorithms, including extent of microscopic sentinel node tumor burden
and mitotic activity (as a continuous variable) [51]. One such proof of principle tool
available today developed by the AJCC provides an individual patient’s 1-, 2-, 5-,
and 10-year survival estimates with associated confidence intervals using a
Web-based platform [63]. Further refinements to prognostic factor assessment will
likely enhance clinical management and decision making in the future.

Historically, clinicopathological features have been used in the AJCC melanoma
staging system to offer prognostic information and to guide patient risk stratification
models. Looking forward, the integration of these variables with molecular data may
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allow for more detailed and biologically based staging criteria. Given the affordability
and accessibility of new techniques for molecular profiling of tumors, including
next-generation sequencing, there is excitement about the potential use of these
techniques in tumor classification, risk stratification, and both early- and late-stage
treatment decision making. While endeavors are currently focused on treatment
options for patients withmetastatic disease, profiling data are also facilitating a deeper
understanding of tumor biology. Large-scale, multi-institutional projects, such as The
Cancer GenomeAtlas Program (TCGA), are ongoing and have already begun to yield
multiplatform datasets from tumors that will contribute to a baseline profile of the
biology and heterogeneity of various tumor types, including melanoma [64]. The
identification of context-specific biomarkers and molecular profiles may allow
improvements in staging and prognostication in melanoma patients [65].

Molecular profiling is now routinely used in the setting of metastatic melanoma,
given advances in targeted therapies, including the FDA approval of vemurafenib
dabrafenib, and trametinib in the setting of BRAF V600Emutant melanoma [66–72].
There is also evolving data from single-institution studies that demonstrate differ-
ences in metastatic profiles and survival outcomes in patients, based upon their
specific genotype. For example, patients with NRAS mutant metastatic melanomas
have been shown to be associated with poorer survival outcomes, and BRAF/NRAS
mutant tumors demonstrate a proclivity for brain metastases when compared to
non-BRAF/NRAS mutant tumors [62]. Other studies have demonstrated that even
within the BRAF gene, different mutations are associated with patient variables and
differences in survival outcomes, with poorer overall survival seen in patients with
BRAF V600 K mutations versus those with BRAF V600E mutations [73].

Given the availability of new techniques for tumor profiling and characterization,
it is indeed an exciting time in the melanoma arena. Immune profiling and muta-
nome studies, molecular and sequencing analyses, proteomic characterization, and
epigenetics may allow us to more robustly understand and integrate this knowledge
into our existing clinical decision-making repertoire in the not too distant future.
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Surgical Management of Melanoma
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Abstract
The surgical management of melanoma has undergone considerable changes
over the past several decades, as new strategies and treatments have become
available. Surgeons play a pivotal role in all aspects of melanoma care:
diagnostic, curative, and palliative. There is a high potential for cure in patients
with early-stage melanoma and the selection of an appropriate operation is very
important for this reason. Staging the nodal basin has become widespread since
the adoption of sentinel lymph node biopsy (SLNB) for the management of
melanoma. This operation provides the best prognostic information that is
currently available for patients with melanoma. The surgeon plays a central role
in the palliation of symptoms resulting from nodal disease and metastases, as
melanoma has a propensity to spread to almost any site in the body.
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1 Introduction

Over the last several decades, the incidence of melanoma has continued to rise at an
almost exponential pace, matched only by esophageal carcinoma. It is now the fifth
most common cancer in the USA. Breast, prostate, lung, and colon cancer are the
only malignancies that are more common than melanoma [105]. Annually, almost
10,000 deaths are estimated to occur as a result of melanoma. Despite the far higher
incidence of approximately 3.5 million annual cases of basal cell carcinoma and
squamous cell carcinoma, melanoma accounts for about 50–75 % of all skin cancer
deaths [72]. According to the National Cancer Database, 91.2 % of melanomas are
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cutaneous, 5.3 % are ocular, 2.2 % are of unknown site, and 1.3 % are mucosal
[25]. A normal melanocyte resides at the dermal/epidermal junction and transforms
via a stepwise progression to become melanoma. It first turns into an atypical
melanocyte, which can undergo hyperplasia, and then develops a radial growth
phase. Afterward, vertical growth phase (VGP) occurs, and this is when the mel-
anocyte has metastatic potential. Epidemiologic studies have shown that men are
not only more likely to be afflicted with melanoma, but to also die from it. Factors,
such as a delay in seeking medical attention for suspicious skin lesions, less careful
protection from sunlight, and more frequent head and neck melanomas, locations
that are more difficult to treat adequately, have been implicated in the differences of
incidence and mortality between men and women. In women, legs are the most
common site of melanoma, as opposed to the trunk in men.

The most evident etiologic factor for melanoma is sunlight exposure. Both
ultraviolet-A radiation (UVA) and ultraviolet-B radiation (UVB) have been
implicated, although the latter appears to be more directly associated with acute
sunburn and melanin pigment production [43, 69]. Sunburns in either childhood or
adolescence have been shown to increase the rates of subsequent development of
melanoma [38]. It has been estimated that 98.2 % of cutaneous melanomas occur in
the Caucasian population [25]. This disproportionate distribution is explained by
the more harmful effect of ultraviolet irradiation to fair-skinned individuals. Thus, it
is the combination of excessive sunlight exposure and sensitive skin that burns
easily that causes the development of most melanomas. Less commonly, there may
be a heritable predisposition to melanoma or a presence of rare conditions, such as
dysplastic nevus syndrome or xeroderma pigmentosum. Lastly, therapeutic radia-
tion administered to children has been shown to increase the risk of melanoma
development [49].

Classically, five melanoma subtypes have been described and are defined by
their histologic growth patterns (Table 1). Superficial spreading melanoma is the
most common subtype and is usually found on the trunk and extremities. Nodular
melanoma is unique in that it skips the radial growth phase, progressing straight to
the VGP. As a result, these lesions tend to be deeper than other subtypes, and
because of this have a worse prognosis. However, it is important to note that the
prognosis is the same for a non-nodular melanoma and a nodular melanoma when
the Breslow thickness is the same. Lentigo maligna melanoma usually occurs on the
face of the elderly and is most commonly a thin lesion. Acral lentiginous melanoma
is found on subungual, plantar, palmar, and mucosal surfaces. Sunlight exposure

Table 1 Melanoma subtypes

Superficial
spreading

Nodular Lentigo
maligna

Acral
lentiginous

Desmoplastic

Incidence 60–70 % 10–20 % 5–10 % <5 % <5 %

Location Trunk
Extremity

Anywhere Face
Upper
Chest

Acral
Mucosal

Head
Neck
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likely plays a lesser role with this subtype and is more common in African, Asian,
and Hispanic populations [105]. A delay in diagnosis is not uncommon with this
melanoma subtype as the lesions may be confused with benign conditions. More-
over, biopsy of concerning lesions of mucosal surfaces or subungual locations can
be challenging. Desmoplastic melanoma (DM) is the least frequent subtype. Despite
a propensity for local recurrence, prognosis is no worse than for other subtypes of
melanoma [71].

2 Prognostic Factors

A broad spectrum of outcomes exists for patients diagnosed with melanoma. For
those with early-stage I melanoma, 5-year survival rates approach 98 %. For those
with widespread metastatic disease, 5-year survival rates are in the single digits
[37]. Several features of the primary lesion determine the risk of lymph node and
distant metastases. The thickness of the lesion, as measured in millimeters and
classified as Breslow thickness, is the best predictor of metastatic spread. Deeper
melanomas metastasize at higher rates than superficial melanomas and this is
reflected in the staging system (Fig. 1). Clark’s level is an alternate method to
describe the thickness of the lesion. It is determined by which layers of the skin are
involved by the melanoma, such as the epidermis, papillary dermis, reticular der-
mis, and subcutaneous tissue. In the current 7th edition of AJCC Cancer Staging
Manual, Clark’s level is no longer used to guide the staging of the lesion. However,
several recent publications have highlighted the importance of Clark’s level IV–V
in the prediction of lymph node metastases, and hence prognosis, as determined by
a sentinel lymph node biopsy (SLNB) in thin cutaneous melanomas [17, 53, 68].

The presence of ulceration and mitotic figures are the other features of the
primary lesion that are important to consider for prognostication, as either one
predicts worse survival. This is demonstrated with ulcerated melanomas that por-
tend the same prognosis as non-ulcerated melanomas one T stage higher [8, 9]. As a
result, such lesions are grouped together to define the same stages [37]. Presence of
one or more mitotic figures defines a T1b melanoma, and this was one of the major
changes instituted in the 7th Edition of AJCC Cancer Staging Manual [3, 45, 111].
Other variables such as gender, location of the primary lesion, and age also affect
prognosis of patients with melanoma. Males have lower survival rates than females,
most likely because their melanomas are usually deeper, more commonly ulcerated,
and more frequently located on the head and neck [8, 9, 102]. Melanomas that are
on the head and neck locations are more challenging to treat. First, adequate
margins are not always possible because of proximity to vital structures. Second,
higher false-negative sentinel node biopsy rates exist due to more variable lymph
node drainage patterns. With respect to age, it appears that elderly patients have a
worse prognosis [8, 9, 63]. This is paradoxical because younger patients have
higher rates of lymph node metastases as determined by a sentinel node biopsy [92,
111]. Several theories have been proposed to explain this paradox. One argues that
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nodal metastases, especially micrometastases, worsen the survival of older patients
to a greater degree than younger patients, underlying a likely role for a more robust
immune system and its relation to cancer. Another possible explanation lies in the
more favorable clinicopathologic profile of younger patients who tend to have
thinner lesions with less ulceration [25].

Fig. 1 AJCC 7th edition TNM staging of melanoma. Adapted from AJCC Cancer Staging
Manual, 7th edition (2010). Springer, New York
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3 Diagnosis and Selection of Biopsy Techniques

Abnormal cutaneous lesions that are concerning for melanoma should always be
biopsied for a definitive diagnosis. Suspicious lesions may have changed over time
or have certain appearance that prompts the clinician to perform a biopsy. The
ABCDEs mnemonic of melanoma nicely summarizes the concerning appearance
that many melanomas have asymmetry, border irregularity, color variation, diam-
eter greater than 6 mm, and evolution of the lesion (Fig. 2). However, some mel-
anomas are non-pigmented, while benign lesions such as seborrheic keratoses can
often be confused for this malignancy. For these reasons, biopsy is critical for
confirming a diagnosis.

There are multiple ways to biopsy a melanoma. Shave and punch biopsies are
easily performed in an office setting, do not require anesthesia, and are well-tolerated
by patients. As a result, the majority of melanomas are diagnosed via one of these
methods. The upside to these diagnostic modalities is the rapidity with which they can
be scheduled and performed. The downside is that neither one is as accurate as an
excisional biopsy. The rates of positive deep margins, especially with shave biopsies,
are considerably higher than with excisional biopsy, ranging from 22 to 37 % [113,
126]. In the presence of a positive deep margin on initial biopsy, the true thickness of
melanoma is unknown. This creates uncertainty with respect to the type of operation
that should be performed, as it is primarily the Breslow thickness that determines
margins of excision and a need for a SLNB [68]. Governing bodies and societies such
as the National Institute of Health, the National Comprehensive Cancer Network, and
the American Academy of Dermatology have proclaimed the excisional biopsy to be
the gold standard of diagnosing a melanoma [110]. Regrettably, adherence to these
guidelines is low. The issue of a correct prebiopsy identification of amelanoma is also
an important one to consider when arguing for or against a diagnostic modality. Zager
and colleagues found that only 34 % of lesions that turned out to be melanoma were
suspected of being one at the time of the initial evaluation. One of the authors’
conclusions was that a harsh stance against shave biopsies would discourage against
their use and could result in less frequent diagnoses of melanoma [126]. If early
diagnosis of melanoma is the ultimate goal, then the elimination of shave and punch
biopsies would certainly undermine it. It appears that the best recommendation at this
time is to perform an excisional biopsywhenever the clinician is comfortable doing so,
and implement alternative techniques otherwise.

Incisional biopsy and fine needle aspiration (FNA) are two other diagnostic
modalities that are available to physicians in the diagnosis of melanoma. The
former is performed when a large lesion is identified, with a diameter of 1.5 cm
serving as a useful cutoff. These biopsies should include the deepest or darkest
portions of the lesion. Further definitive management will still be necessary, but the
information obtained from the incisional biopsy will allow the clinician to ascertain
the need for other surgical approaches, such as lymph node mapping and biopsy,
and a metastatic work-up. A FNA uses a thin needle (e.g., 22-gauge) to extract a
small sample of cells for microscopic evaluation. Usually, enough tissue is obtained
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to allow for a variety of immunohistochemical stains, such as S100, MART-1, and
tyrosinase, to be performed on the specimen. A FNA is highly sensitive for
detecting melanoma cells but should not be used as a method to diagnose the
primary lesion, as tumor thickness along with other important histologic features
cannot be determined. Its best application is for the assessment of a nodal mass.

Fig. 2 The ABCDEs of melanoma are illustrated
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4 Surgical Management of Primary Melanoma Lesions

Wide local excision is the definitive management of primary cutaneous melanoma
and consists of resecting the entire melanoma and surrounding skin, while including
the epidermis, dermis, and subcutaneous fat. During the operation, the surgeon
measures the appropriate margin around the external border of visible pigmentation
or prior biopsy scar and often employs an elliptical incision to allow for primary
closure. If the primary melanoma diameter is small, the operation can usually be
performed without intravenous anesthesia under a local anesthetic.

Surgical excision of melanoma is a fundamental step in achieving local control
of the cancer. For most of the twentieth century, surgical management of cutaneous
melanoma involved aggressive excisions of the primary lesion with circumferential
margins of 3–5 cm [50, 103]. Wide margins of excision became the surgical dogma
after an early study showed abnormal melanocytes to display a “field effect”
whereby abnormal cells were isolated up to 5 cm away from the primary lesion
[54]. In addition, early reports on the biological course of melanoma demonstrated
dismal survival rates that were somewhat improved in patients subjected to radical
excisions [91]. As a result, this led to fears that inappropriately narrow margins
would promote disease recurrence. In addition, closure with placement of a
split-thickness skin graft was strongly advocated and regarded as an important step
in management.

It was not until the late 1970s when new data on the prognostic value of tumor
depth surfaced and surgeons began to employ narrower margins with good out-
comes [6, 20, 39]. Controversy ensued over optimal margins of excision as there
was no sound evidence to guide surgical practice at the time. Beginning in the late
1970s with Program Trial No. 10 conducted by the World Health Organization,
there have been several randomized trials carried out to evaluate the safety of
performing excisions with narrower surgical margins (Table 2). The investigators of
the first trial set out to compare 1-cm and 3- to 5-cm margins for patients with
melanomas whose thickness measured ≤2.0 mm [118]. They found no differences
in survival between the two groups and concluded that 1-cm margin was safe for
thin melanomas (≤1.0 mm). There were more local recurrences in 1.01–2.0 mm
melanomas and even though statistical significance was not reached, many sur-
geons remained hesitant to adapt the 1-cm margin for these patients. Both the
Swedish Melanoma Study Group and the French Cooperative Group trials exam-
ined the same type of population as the WHO Melanoma Program Trial
No. 10 trial, but treated them with a 2-cm margin or a 5-cm margin [33, 66]. The
survival rates did not differ between conservative and aggressive excisions in both
trials. The investigators concluded that 2-cm margins were safe in patients with
melanomas up to 2.0 mm in thickness.

The Intergroup Melanoma Surgical Trial aimed to address the issue of appro-
priate margins of excision for patients with intermediate-thickness melanomas
(1.01–4.0 mm) [8, 9]. The authors chose 2- and 4-cm margins for comparison.
Neither the overall survival nor the number of local recurrences differed between
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the two groups. Additionally, surgical morbidity, length of hospital stay, and the
need for skin grafting were all lower with narrower margins, leading the investi-
gators to make a recommendation of 2-cm margin of excision for
intermediate-thickness melanomas.

The first trial to include patients with thick melanomas (>4.0 mm) was the
British Cooperative Group Trial [114]. The authors compared 1- and 3-cm margins
of excision for melanomas ≥2.0 mm. Despite more locoregional recurrences in the
1-cm group, the difference in overall survival did not reach statistical significance.
However, patients did not have staging of the regional nodal basin and so the
conclusions and the applicability of this study are limited. A more recent trial
conducted across nine European centers tested 2-cm versus 4-cm margins for
melanomas ≥2.0 mm [44]. Despite more local recurrences in the 2-cm group,
overall survival was not different. Not surprisingly, skin grafting was more fre-
quently utilized in the 4-cm group. The authors’ recommendation was to use 2-cm
margins for melanomas ≥2.0 mm.

The current recommendations for margins of excision of melanoma are listed in
Table 3. There continues to be a controversy about the management of thick
melanomas with some surgeons advocating for a 3-cm margin. Only two of the
randomized trials included patients with thick melanomas. However, these patients
were underrepresented in both trials. Thus, recommendations for deep melanomas
frequently require expert assessment by a surgical oncologist trained in melanoma
surgery.

Dissection to the muscular fascia is the prevailing surgical practice as there does
not appear to be any benefit in excising it. While there have been several ran-
domized trials evaluating the role of margin width in local control of primary
melanomas, few studies have examined the role that dissection depth plays in rates
of locoregional recurrence and survival. Grotz and colleagues performed a retro-
spective analysis of patients with primary melanoma undergoing resection over a
29-year period revisiting the cases of 964 patients with melanomas ≥1.0 mm [48].
The muscular fascia was left intact in 686 (71 %) of the study population and
excised in the remainder. The review found no difference in the rate of local
recurrence between the two groups, but did find a significant reduction in the rate of
in-transit and nodal metastases when the muscular fascia was preserved. There is
concern that some of the data may have been confounded by advancements in
practice that made sentinel node biopsies standard of care toward the end of the
study period. Nonetheless, a conclusion could be drawn that resection of the
muscular fascia did not improve patient outcomes following wide local excision
and may serve to increase the risks of nodal recurrences [65, 90].

Table 3 Recommendations
for margins of excision for
treatment of melanoma

Depth of primary tumor Margin of excision (cm)

In situ 0.5

<1 mm 1

1–4 mm 2

>4 mm 2–3
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5 Sentinel Lymph Node Biopsy

The importance that surgeons place in the management of regional nodal disease
comes from an understanding that melanoma commonly spreads via a lymphatic
route. The impact of nodal metastases on survival has been studied extensively over
the last several decades. The single most important factor in overall survival has
been shown to be the status of disease within local lymph nodes [81]. The iden-
tification of metastatic melanoma in a nodal basin is important for staging, prog-
nostication, and making treatment decisions.

Historically, elective lymph node dissection was felt to be appropriate for
intermediate-thickness melanoma. Nodal staging was not considered in the treat-
ment of thin melanomas because of low incidence of metastases. On the other hand,
nodal staging was viewed as overtreatment of thick melanomas, as these patients
were thought to have a high likelihood of developing distant metastases [5]. Two
large cohort studies initially showed a benefit in survival for patients with
intermediate-thickness melanoma who underwent this operation [76, 96]. Upon
further review with more accurate, longer follow-up, elective lymph node dissection
did not improve the survival of patients with no clinically involved nodes [32, 108].
While failing to show a benefit, the frequent implementation of this operation led to
many patients suffering from wound complications and lymphedema. Subse-
quently, several prospective randomized trials further revealed there to be no
improvement in survival from elective lymph node dissection in this population
group [7, 106, 117].

The concept of a SLNB was applied to melanoma in the late twentieth century.
The idea was first introduced by Cabanas for the treatment of penile carcinoma in
1977 [23]. However, it was not until SLNB was studied in the arena of melanoma
treatment at the John Wayne Cancer Institute by Donald Morton that it became
popularized [80]. The concept behind this technique is that lymphatic drainage
progresses in an organized fashion. Rather than removing all lymph nodes for
evaluation, only one could be excised to determine whether the primary tumor has
spread. Several methods exist for the detection of a sentinel node(s). An intradermal
injection of a radionuclide around the melanoma allows for the identification of
sentinel nodes in the lymph node basin with a handheld gamma probe. This is the
most common method utilized to perform a SLNB, because radiocolloid alone has
been shown to be very safe and to have very low false-negative rates of 2–4 %. The
high accuracy of this procedure is likely due to improved technology of gamma
probes and their widespread use in the last two decades [55]. Alternatively, an
injection of blue dye (isosulfan blue or methylene blue) intradermally around the
melanoma will lead to its migration to the lymph node basin. The surgeon will then
search for “blue” nodes in the appropriate nodal basin. A combination of these
techniques can also be used and has been shown to result in greater accuracy in the
identification of sentinel nodes [41]. The use of blue dyes, whether alone or in
combination with radiocolloid, is less common than radionuclide because of several
safety concerns. These include allergic reactions, tissue necrosis, and skin graft
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failures. Allergic reactions at a rate of 1.5 % have mostly been reported with
isosulfan blue dye [34]. The risk of an anaphylactic reaction can be considerably
reduced when less than 2 ml of the dye is administered. Tissue necrosis and skin
graft complications have occurred when methylene blue dye has been used, espe-
cially in certain locations such as the face, wrists, and ankles [88]. As some
institutions have limited or altogether eliminated the availability of isosulfan blue
dye in order to contain costs, the surgeon must be keenly aware of the problems that
may be encountered with the cheaper methylene blue dye.

After studies validated the accuracy and safety of lymph node mapping and
sentinel node biopsy, surgeons started to identify the many benefits of this
approach. A major advantage of the SLNB is that it is less likely to result in both
immediate (seroma, wound infection) and long-term (lymphedema) complications
when compared to elective node dissection [82, 123]. Another clear benefit of a
SLNB, particular to the radiocolloid technique, is that it allows the surgeon to
preoperatively localize the draining nodal basin(s), which is especially important for
lesions of the trunk and the head and neck. Finally, sentinel nodes provide limited
amount of tissue for the pathologist to examine, and both sensitive (S-100) and
specific (MART-1) melanoma immunohistochemical stains can be applied at high
frequency. As a result, the diagnosis is not only more accurate, but more precise, as
the volume of metastatic disease can be quantified in each node.

6 Multicenter Selective Lymphadenectomy Trial-1

It is now widely accepted that the status of the sentinel lymph node is the most
important prognostic factor in patients with melanoma. It is most consistently
predicted by Breslow thickness of the primary lesion [31]. While previous reports
showed no benefit in survival with elective lymph node dissection for patients with
intermediate-thickness melanomas and no clinically evident nodal disease, the
impact of a SLNB was yet to be determined for this metric. This was the goal of the
Multicenter Selective Lymphadenectomy Trial-1 (MSLT-1). An analysis of 1347
patients, with a 60-month median follow-up, detected no benefit to
melanoma-specific survival when the combination of a SLNB and wide local
excision was compared to wide local excision alone (86.6 % vs. 87.1 %, HR = 0.92,
p = 0.58) [83]. The addition of a SLNB did improve the disease-free survival
(73.1 % vs. 78.3 %, HR = 0.74, p = 0.009), and benefits to survival were partic-
ularly pronounced in a subgroup of patients with positive sentinel nodes. In this
group of patients, a superior 5-year melanoma-specific survival was identified when
immediate completion lymphadenectomy was performed rather than a delayed
lymphadenectomy (72.3 % vs. 52.4 %, HR = 0.51, p = 0.007). There are several
criticisms of the subgroup analysis: The trial was not adequately powered to detect
differences in this subset of patients, and false negatives were not included in it.
Additionally, while immediate lymphadenectomy treated patients with micro-
metastatic disease, delayed lymphadenectomy treated bulky recurrent disease,
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essentially macrometastases, that were detected during oncologic surveillance.
Since the volume of metastatic disease has consistently been shown to impact
survival and is reflected in the staging system [37], the comparison of such groups
may not have been appropriate.

The authors of the trial designed the ongoing MSLT-2 trial specifically to
address the issue that was raised by the subset analysis. If properly powered, will
there be an improved disease-specific survival when an immediate lymphadenec-
tomy is performed in the setting of a positive SLNB versus a delayed lym-
phadenectomy? This trial is currently accruing patients. Importantly, updated
results with 10-year follow-up have recently been reported for MSLT-1 [84]. At ten
years, melanoma-specific survival remained similar between the two groups
(81.4 % vs. 78.3 %, HR = 0.85, p = 0.18). Ten-year disease-free survival continued
to be higher in the combination group (71.3 % vs. 64.7 %, HR = 0.76, p = 0.01).
The prognostic significance of the sentinel node persisted at 10 years. Additionally,
the report revealed same outcomes for 290 patients with thick melanomas. The
appropriate inclusion of the patients with false-negative SLNB strengthened the
survival results that were presented at 10-year follow-up. Whether the subgroup
analysis is deemed to be appropriate or not by the reader of the published reports,
MSLT-1 did demonstrate that SLNB is the best staging tool available to surgeons
treating melanoma patients and delays the time to recurrence in
intermediate-thickness melanomas. The benefit in disease-free survival is a metric
that should not be overlooked as patients place considerable value in it, even when
it does not translate into an improvement in disease-specific survival [67]. Addi-
tionally, many clinical trials require an assessment of the nodal basin as an inclusion
parameter, and the lower morbidity associated with this operation as opposed to
elective lymph node dissection makes it an ideal tool to do so.

7 Sentinel Lymph Node Biopsy for Thin and Thick
Melanomas

Currently, SLNB is recommended for all patients with intermediate-thickness pri-
mary melanomas. There is more controversy about the role of a SLNB in patients
with thin or thick melanomas. Since the incidence of lymph node metastases is low
with thin melanomas, and concurrent distant metastases are not infrequent with
thick melanomas, the value of this operation continues to be questioned in these
patient populations. The benefits of a SLNB, such as improved disease-free survival
and the ability to most accurately predict the prognosis, likely exist for both thin
and thick melanomas. However, enthusiasm for performing the SLNB needs to be
tempered with several facts. First, the incidence of lymph node metastases in
melanomas <1 mm without any other clinicopathologic risk factors (ulceration,
mitoses, etc.) is under 5 % [16, 86, 122]. Second, since approximately 70 % of all
cutaneous melanomas are thin, the number of complications that would result from
a SLNB would carry a significant toll. This is despite the fact that morbidity is
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usually minor occurs in only 5–10 % of patients and is most commonly managed on
an outpatient basis [82, 123]. Third, the issue of cost has been carefully studied in
patients with thin melanomas and remains a strong deterrent to widespread use of
the operation [1]. For all of these reasons, lymph node mapping and sentinel node
biopsy is advocated to patients with thin melanomas selectively. With respect to
thick melanomas, limited evidence exists that SLNB has clinical benefit, but some
surgeons argue that the procedure provides staging and prognostic information. The
risk of distant metastases is not insignificant in these patients and a metastatic
work-up is often considered prior to definitive surgical management. In the event
that metastatic disease is found, prevention of future symptoms via adequate
locoregional control is the major goal of surgical management, not cure of the
disease. Patients without evidence of distant metastases should be treated with
curative intent, and SLNB may be appropriate for above-mentioned reasons.
Table 4 represents a summary of current recommendations for SLNB in patients
with melanoma.

Certain factors, such as ulceration or mitoses, have been shown to increase the
rate of lymph node metastasis from under 5 % to 5–14.7 % in thin melanomas [53,
62]. Both are used to define T1b thin melanoma, which has a slightly worse
prognosis than T1a thin melanoma [37]. Additionally, multiple reports identified a
considerable difference in the rate of SLNB positivity for patients with Breslow
thickness under and over 0.75 mm. For melanomas <0.75 mm, lymph node
metastases occur in less than 3 % of patients [53, 94, 123]. For thin melanomas
≥0.75 mm, regional nodal metastases are found in 5–10 % of patients [53, 87].
Most surgeons agree that presence of ulceration or mitoses in an otherwise thin
melanoma should prompt the performance of a SLNB, especially when tumor depth
is over 0.75 mm.

Clark’s level is a way to state the depth of a melanoma based on which layers of
epidermis/dermis it involves. Clark’s level used to define T1b melanoma as recently
as in the 6th edition of the AJCC Cancer Staging Manual, but was subsequently
replaced with mitotic index in the 7th Edition. This occurred because multiple
institutional studies reported that when mitoses were taken into account, Clark’s
level no longer predicted lymph node metastases or played a role in prognosis [40,
62, 86, 94, 119, 121]. However, a recent large cohort study demonstrated that

Table 4 Indications for sentinel lymph node biopsy

Depth of primary
tumor

Recommendation

In situ Not recommended

<0.75 mm Not recommended

0.75–1.0 mm Selected patients with high-risk features may benefit from SLNB

1.0–4.0 mm SLNB recommended for all patients

>4.0 mm Selected patients only as evidence is limited of benefit for SLNB in these
patients; metastatic work-up should be considered prior to surgical
management
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Clark’s level IV–V in patients with melanomas ≥0.75 mm resulted in 8.2 % inci-
dence of SLNB positivity [53]. Several institutional studies have also reported
Clark’s level to be a significant predictor of lymph node metastases in multivariate
analyses [17, 68]. Until more definitive data becomes available, Clark’s level IV–V
may be used to recommend a SLNB.

There are other indications to perform a SLNB in thin melanomas, albeit more
relative ones. The presence of a VGP has been studied most extensively by the
Pigmented Lesion Group. Investigators at University of Pennsylvania found that the
presence of a VGP in thin melanomas ≥0.75 mm led to a 9.7 % incidence of lymph
node metastases and was also a significant variable in a multivariate analysis [12,
62]. VGP has not been widely adopted as an indication to perform a SLNB because
it is somewhat subjective and is not uniformly reported by pathologists across
different centers. Another relative indication is the presence of a positive deep
margin on initial biopsy. In this setting, Breslow thickness is indeterminate and the
surgeon may have difficulty in determining prognosis of the patient and choosing
the appropriate operation, with respect to margins of excision and the need for a
SLNB. In a single institutional study, patients with thin melanomas and a positive
deep margin on initial biopsy had an 8.3 % incidence of SLNB positivity [68]. The
true Breslow thickness could only be determined in 26 % of patients who had
residual disease in the surgical specimen, with over half showing deeper lesions. At
this point, there is not enough evidence to strongly support the routine use of SLNB
in these patients, and so it is being used selectively at some institutions.

It is known that younger patients have higher rates of lymph node metastases.
Despite this, their survival is better. Investigators at the Moffitt Cancer Center and
the John Wayne Cancer Institute examined the issue of age as an indication for a
SLNB. Age less than 35 or 50 years was examined at these institutions and found to
be an independent predictor of lymph node metastases [40, 111]. However, this
factor is not commonly used to advocate for a SLNB because the survival does not
appear to be worse in this population group. Another relative indication for a SLNB
in thin melanomas is male sex. Multiple reports have shown this to be an inde-
pendent predictor of SLNB positivity [40, 62]. However, among all the factors that
were significant, such as Breslow thickness, ulceration, mitoses, VGP, and age,
male sex had the weakest predictive value. In conclusion, certain institutions use
VGP, positive deep margin, age, and sex as indications for a SLNB, but the data
supporting these practices are limited.

8 Local Recurrence

An inadequate initial excision with suboptimal margins may result in a local
recurrence. In this situation, disease-specific survival is rarely affected. Alterna-
tively, in the face of an appropriate initial excision, as guided by margin width, a
local recurrence signifies aggressive tumor biology and often heralds metastatic
disease even following successful re-excision. The definition of a local recurrence is
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a regrowth of cancer within 2 cm of the surgical scar following excision of the
lesion [10]. Local recurrence of melanoma can occur by a number of mechanisms.
The most widely accepted is that of contiguous, horizontal growth of the primary
lesion. By this mechanism, recurrent melanomas arise from retained malignant
melanocytes that exist beyond the boundary of excision and escape pathological
detection by virtue of a sampling error [10]. This theory supports the rationale for
wide local excision and highlights the importance of appropriate margins. Another
theory centers on the existence of microsatellites, or tumor nests that exist inde-
pendently of the main tumor body. These lesions signify lymphatic spread of the
cancer and confer a greater risk of local recurrence when they are identified in
primary tumor excision specimens [64]. As the depth of the tumor increases, the
number of microsatellites is also believed to be increased.

Major risk factors for developing a local recurrence are Breslow thickness and
ulceration. Long-term data from the Intergroup Melanoma Surgical Trial showed
that the presence of ulceration was the strongest predictor of local recurrence [8, 9].
The same study reported a dismal 5-year overall survival rate of 9 % when a local
recurrence was identified. Surgical excision remains the treatment of choice in
patients with a local recurrence. Since common practice is to monitor patients
closely after the surgical treatment of melanoma for five years or longer, majority of
recurrent lesions are detected early enough to permit a second excision. No
guidelines exist for this type of excision, but it appears reasonable to resect a local
recurrence with a 0.5- to 1.0-cm margin to facilitate primary closure in as many
patients as possible. In the presence of distant metastases, excision to a negative
margin is a sensible approach. Recurrent or unresectable lesions should be con-
sidered for palliation with radiotherapy.

9 Surgical Management in Special Populations

9.1 Desmoplastic Melanoma

DM is a rare histologic subtype with certain features that make management unique.
First, DM is oftentimes non-pigmented, making for a more challenging and
sometimes delayed diagnosis. Second, it is not uncommon for the pathologist to
identify cancer cells in the dermis, without any abnormalities in the epidermis.
Third, immunohistochemical staining profile is unusual. While staining for S-100 is
usually positive, the more specific melanoma stains such as MART-1, HMB-45,
and tyrosinase are typically negative. Furthermore, DM can stain positive for
smooth muscle markers, such as actin, desmin, and vimentin [21]. This adds
complexity to correctly identifying this melanoma subtype, as it can be confused
with other spindle cell neoplasms. Fourth, the most common location is on the head
and neck, making the surgical management more difficult for reasons that have been
previously stated.
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A distinction has been made between pure and mixed DMs, as their behavior is
quite different. Pure DMs usually present with greater Breslow thickness than other
melanomas, but the rates of lymph node metastases are lower than expected.
Moreover, pure DMs have disease-free and overall survival rates that are better than
one would predict given the depth with which they present [71, 79]. In comparison,
mixed DMs have higher rates of lymph node metastases and a worse disease-free
and overall survival than pure DMs [28]. For thin DMs, 1-cm margin appears to be
adequate for mixed lesions, but not for pure ones. Maurichi and colleagues
demonstrated higher local recurrence rates and higher mortality for pure DMs that
were treated with 1 cm as opposed to a 2-cm margin [75]. Taken together, DMs
present multiple challenges with diagnosis and appropriate treatment and require
the surgeon to have a thorough knowledge of the subject.

9.2 Pregnancy

Women who are pregnant at the time of their melanoma diagnosis should be treated
in the same fashion as a non-pregnant patient. Worse outcomes were identified in
older poorly designed studies that examined pregnant patients with melanoma. More
recent literature has refuted those findings [73]. Similarly, there is no prognostic
relevance to estrogen replacement therapy or birth control pills. Since most resec-
tions of the primary lesion can be performed under local anesthesia with or without
light sedation, the operation can take place in any trimester. Recent reports have
demonstrated the safety of a SLNB during pregnancy with either the use of blue dye,
radiocolloid, or a combination of the two [2, 46]. If general anesthesia is anticipated,
as would be the case with a therapeutic or a completion lymphadenectomy, a con-
sultation with an obstetrician could help alleviate the anxiety of the parents, and
sometimes the physician. In general, an operation in any trimester should be safe,
although the second trimester is preferred. Ultimately, melanoma in a pregnant
patient is not a reason to seek non-surgical treatment options and must be treated
promptly with the full armamentarium that is available to surgeons.

9.3 Children

Melanoma is a rare cancer of childhood. Early studies suggested worse outcomes
for children with melanoma in comparison with adults. Fortunately, more recent
data demonstrated no differences between these two groups when all prognostic
variables were taken into account [42]. Importantly, SLNB has been successfully
used in this population and seems to provide the same benefits and prognostic
information as it does in adults. The Sydney Melanoma Unit group reported that
despite higher than expected incidence of lymph node metastases as detected by a
SLNB, few patients had positive non-sentinel nodes in the completion lym-
phadenectomy specimen, and melanoma-specific death rates were low [59]. The
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reverse relationship between SLNB positivity and survival has been shown in
young adult populations, making these findings consistent.

There are several aspects of treatment that are unique to children with melanoma.
One is the issue of a giant congenital nevus, which occurs at a rate of 1 in 20,000
newborns and measures greater than 20 cm in diameter by adulthood [74]. These
carry a lifetime risk of 4–7 % of melanoma development, which typically develops
by the age of five, but may occur later in life. Different ways of treating these
lesions have been proposed, ranging from early resection, partial ablation, close
observation until adolescence, or observation throughout lifetime. Another is the
issue of Spitz nevi, which usually have benign behavior, but are frequently difficult
to distinguish from melanomas because of cellular atypia and structural asymmetry.
These lesions are so ambiguous that several investigators treat them as they would
be a melanoma, including the use of a SLNB. However, recent data determined that
a positive SLNB in the setting of Spitz nevi does not convey the same negative
prognosis as it does in adults or children with unambiguous melanoma, making its
implementation questionable [22]. Lastly, surgical interventions, both diagnostic
and therapeutic, require a form of sedation in children. Even an otherwise
straightforward procedure like a shave biopsy cannot be easily performed in a
conscious child. This may lead to delays in diagnostic procedures for children with
suspicious cutaneous lesions. Excisional biopsy or wide local excision would
certainly necessitate deep sedation, oftentimes requiring general anesthesia. All of
these issues make the care of a child with the diagnosis of melanoma a specialized
field that mandates a thorough understanding of all the relevant facts.

9.4 Geriatrics

Elderly patients represent a significant proportion of all those who are diagnosed
with melanoma. Several variables that are inherent to this group of patients present
challenges to the treating surgeon. It has been well established that older age por-
tends a worse prognosis [8, 9, 63]. The reasons for this remain elusive. It is possible
that immune surveillance plays a role, especially in the presence of nodal metastases,
or that comorbidities combined with the presence of cancer result in higher mor-
tality. Furthermore, there appears to be a lower tolerance to reconstructions that are
sometimes needed after a resection of a melanoma. Longer times may sometimes be
needed to recover from skin grafting or tissue advancement/rotational flaps. Addi-
tionally, fewer adjuvant therapies are available to the elderly. The ability to come for
daily radiotherapy may preclude from this treatment being administered to its fullest
effect. Certain age or presence of comorbidities may prevent enrollment of an elderly
patient in clinical trials. Toxicities or the duration of some therapies, such as the
year-long interferon treatment, may preclude from their implementation. Ultimately,
the surgeon must keep in mind that for an elderly patient quality of life is frequently
more important than quantity of life, and several features of melanoma treatment
may adversely impact this metric.
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10 Wound Closure

10.1 Primary Closure

The adoption of narrower margins of excision has not liberated melanoma patients
from complex surgeries with important functional, cosmetic, and psychological
implications. As research has demonstrated, appropriate margins are necessary for
disease control and must not be sacrificed in favor of less complex wound closure.
Melanomas of the trunk and proximal extremities are often managed with elliptical
excision and primary closure. Excisions at sites such as distal extremities, head, and
neck may also be amenable to primary closure, but reconstructive techniques are
more likely to be needed. Sometimes, adjacent tissue has to be undermined with
dissection of the skin and subcutaneous tissue from the fascial layer which will
allow the skin to be advanced over the defect. Unless there is significant skin laxity,
the defect is usually closed in two or more layers to lessen tension. Absorbable deep
dermal sutures will maximize the integrity of the closure and allow for approxi-
mation of the epidermal layers with minimal tension. The skin can then be closed
with a running subcuticular suture, interrupted stitches or staples based on surgeon
preference and wound characteristics.

10.2 Reconstruction

Lower costs, better cosmetic outcomes, and less surgical morbidity all favor pri-
mary closure. However, this is not always practical when excessive tension will be
placed on the wound or derangement of neighboring structures occurs. In such
cases, advanced reconstructive techniques will be necessary to close the acquired
defect. In increasing complexity, these are skin grafts, local flaps, regional flaps,
and free tissue transfer. For many of these closures, a surgeon trained in recon-
struction will be a critical member of the oncologic team.

The transfer of skin from one site to repair a defect in another is known as skin
grafting. Grafts are usually obtained from the patient as opposed to a cadaver and
can be either split-thickness or full-thickness. The harvesting technique employed
in split-thickness grafting allows for division of the dermal layer such that the
deepest layers remain to permit re-epithelialization of the donor site. This differs
from full-thickness grafting where the entire dermal layer is included in the graft
and independent closure of the donor site by local advancement or secondary flaps
is necessary. Wound contraction is less pronounced with full-thickness grafts
making them appropriate for closure of defects in critical and sensitive locations
[56]. A frequently encountered problem with skin grafting arises when there is a
significant difference in color between the donor and recipient tissues and is par-
ticularly relevant with reconstructions of the face. Split-thickness grafts are com-
monly harvested from the thigh, but can also be harvested from the trunk, back,
buttocks, or neck depending on the need for a color match [116].

Surgical Management of Melanoma 167



Rearrangement of soft tissues adjacent to a defect is another option for wound
closure when the wound cannot be closed primarily. Indications for flap coverage
are similar to those for skin grafts, but also include poor vascularization of the
recipient bed and regional aesthetics that do not favor grafts. Local flaps have the
added benefit of allowing the surgeon to maintain the normal contour of the skin
and repair the defect without color matching problems [60]. These advantages make
local flaps a good option for closing defects on the face. The donor site must have
sufficient laxity to permit repair of the oncologic defect and for primary closure of
the donor site.

Regional flaps are another method for reconstruction of complex wounds [4].
Regional flaps utilize tissue within the vicinity of the defect, but not necessarily
adjacent to it. Each flap has a territorial arc of rotation and remains attached to the
donor site by a vascular pedicle [10]. The flap is transposed to the donor site by
moving it over or tunneling it under normal tissue. They are mainly indicated for
closure of large defects or those which contain important structures such as bone,
tendons, or nerves. Well-recognized regional flaps include the latissimus dorsi flap,
which is frequently employed in breast reconstruction and other defects of the chest
wall [78, 101], and the pectoralis flap that can be used for reconstruction of the
head, neck, and axilla [70].

Free flaps are temporarily severed from their blood supply to allow transfer to
the donor site [99, 104]. The feeding vessels are then anastamosed to a new artery
and vein near the recipient site to reestablish perfusion to the transplanted tissue.
The general indications for a free flap are for reconstruction of large soft tissue
defects following major procedures, protection of exposed vital organs and
restoration of function or appearance. These procedures are very complex and
require a large amount of preoperative planning before they are attempted because
flap loss can be a highly morbid and devastating complication.

10.3 Head and Neck

Of all areas of oncologic reconstruction, the head and neck presents one of the
greatest challenges to surgeons as the slightest degree of asymmetry may produce
cosmetically disappointing outcomes for the patient. The scalp is inelastic because of
the galea aponeurotica and frequently requires advanced reconstructive efforts. In
general, defects greater than 2 cm are difficult to approximate primarily. The scalp is
very vascular and this allows for a number of reconstructive approaches to be used.
Skin grafting is usually successful as long as the defect does not extend down to the
bone. However, local flap coverage is a cosmetically superior method as it does not
lead to alopecia and contour mismatch. Large defects of the scalp, especially when
exceeding 8 cm, or situations where the cranium or dura are exposed, benefit from
free tissue flaps [116]. Melanoma on the forehead, cheek, eyelids, nose, lips, and ears
present similar challenges as does the scalp location. Local flaps are the most
common method of defect reconstruction at these sites. Wide undermining may be
necessary, and attention should be paid to the normal tension lines of the face to
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conceal scarring and lessen distortion. Special considerations should be made for
some of these sites, such as care with facial nerve branches at medial cheek,
full-thickness grafting from lower eyelid to cover upper eyelid defects but not the
reverse, and the greater difficulty with upper lip reconstruction as opposed to the
lower lip due to less elasticity.

10.4 Distal Extremities

Primary closure after an excision of a forearm or a leg melanoma is more chal-
lenging than in the proximal extremities because of less skin laxity, presence of a
thick investing fascia, the subcutaneous location of the long bones and the tapering
anatomy of the forearm and the leg. Additionally, there is a greater risk of acci-
dental trauma to the repair postoperatively. Local flap coverage may be a better
option for managing defects of the distal extremities than skin grafting because they
allow for preservation of the natural contour and color matching. Nonetheless, flap
coverage in these regions can be challenging because vascular supply is less robust
and less reliable, necessitating a thorough knowledge of the constant points of
vascular supply to the skin.

11 Surgical Management of Regional Metastases

11.1 Management of Clinically Positive Lymph Nodes

Clinically palpable lymph nodes in the presence of a melanoma near the draining
nodal basin are concerning for metastatic disease. Fine needle aspiration is the best
way to confirm nodal spread. Once this is established, therapeutic lymph node
dissection should be offered to patients. There are several reasons for this recom-
mendation. First, unresected nodal metastases can continue to grow and invade
adjacent structures, leading to considerable morbidity. Second, despite a high rate
of concurrent distant metastases, up to a third of patients can still be cured [107,
108, 124]. When a melanoma is located on the head, neck, or trunk, multiple
draining nodal basins can be involved with metastases. A careful physical exami-
nation is of paramount importance to detect macroscopic nodal disease. A SLNB
may be helpful in ruling out the presence of metastases in other neighboring nodal
basins even in the presence of palpable disease.

11.2 Therapeutic Lymphadenectomy

Melanoma patients with macroscopic nodal disease should undergo a therapeutic
lymph node dissection, essentially a complete lymphadenectomy. In contrast to
breast cancer where nodal sampling with a SLNB or a limited axillary lym-
phadenectomy (level 1 and partial level 2) may be sufficient for clinical management,
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melanoma patients require complete dissection to clear all potential nodal disease.
For axillary lymph node dissection, level 1, 2, and 3 nodes should be excised. With
respect to inguinal lymphadenectomy, few surgeons offer both superficial and deep
dissections. Most would limit the lymphadenectomy to the superficial compartment
unless there was bulky nodal disease, the presence of disease in Cloquet’s node
(located at the junction to the deep compartment), 3 or more involved inguinal nodes,
or an inguinal node ratio >0.20 [29]. The reason for this is the very high rates of
distant metastases in the presence of deep iliac, obturator, or pelvic nodal involve-
ment. Additionally, synchronous pelvic disease is rare, with some reports citing the
incidence to be around 12 % [29]. Another point to make about inguinal lym-
phadenectomy is the attendant high rates of morbidity that accompany this operation.
The rates of wound complications approach 50 % in contemporary studies, with a
significant proportion of these representing dehiscences [35, 93, 99]. These high rates
of serious complications have deterred many surgeons from performing this opera-
tion despite the current recommendations [15]. Others have adopted a routine
transposition of the sartorius muscle during the operation in order to protect the
femoral vessels in case a dehiscence develops. Moreover, several centers have
developed a minimally invasive laparoscopic technique to superficial inguinal lym-
phadenectomy, with early results showing lower rates of wound infections and
dehiscences [36, 47]. A modified radical neck dissection should be performed in the
presence of cervical nodal disease. Modified radical neck dissection removes all
lymph nodes in cervical levels 1–5, while preserving the internal jugular vein, the
sternocleidomastoid muscle, and the spinal accessory nerve. Melanomas of the
anterior scalp and face usually drain to parotid nodes, and a superficial parotidectomy
is commonly performed at the time of the neck dissection.

Lymphadenectomy is a procedure that typically requires hospitalization and
general anesthesia. The operation is associated with considerable potential mor-
bidity, including lymphedema reported in up to 44 % of patients, seroma, hema-
toma, wound complications, and nerve damage [13, 61, 115]. Several authors have
attempted to come up with standards for the various types of lymph node dissec-
tions, in terms of lymph node yield. Investigators at the Sydney Melanoma Unit
have proposed the 90th percentile benchmark as a minimum acceptable lymph node
count. According to their report, lymph node yield for axillary, superficial inguinal,
selective neck, and modified radical neck dissection should be greater than or equal
to 10, 7, 6, and 20 nodes, respectively [112].

11.3 Recurrent Regional Metastases and Isolated Limb
Therapies

Prognosis is poor when melanoma recurs regionally, but a meaningful disease-free
interval is possible and so is cure. Recurrent regional melanoma can present as
satellite lesions, in-transit disease, or nodal metastases. Satellite lesions are within
2–5 cm of the primary melanoma location, while in-transit lesions are more than
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5 cm away, but proximal to the lymph node basin. Satellite and in-transit disease
both represent intralymphatic spread, and for this reason portend similar prognosis.
This is reflected in the staging system [37]. These lesions should be excised to clear
margins. Currently, no effective systemic therapy is available for recurrent regional
disease. When multiple recurrent lesions are identified in an extremity and there are
no distant metastases, isolated limb therapies can accomplish superior regional
control than multiple simple excisions. Hyperthermic isolated limb perfusion
(HILP) was developed in 1950s, while isolated limb infusion (ILI) is a more recent
technique that has been available since 1990s. With both operations, a cytotoxic
agent, commonly melphalan, is delivered to an upper or a lower extremity for the
purpose of controlling diffuse, overwhelming regional disease [85]. With the older
approach, a nodal lymphadenectomy is performed followed by the direct cannu-
lation of blood vessels. In the setting of the newer operation, catheters are placed
percutaneously, usually by interventionalists. The regional toxicity is higher with
HILP, but so are the response rates. It appears that disease-specific survival does not
vary between patients treated with either one of these therapies, making ILI more
attractive in the initial setting because of lower complication rates and easier
reproducibility. However, several reports have shown that with repeat operations
for regional disease control, HILP has higher response rates than ILI and appears to
be more appropriate [24, 95].

12 Surgical Management of Metastatic Disease

Long-term survival rates are around 10 % for patients with systemic metastatic
disease [37]. However, with the advent of multiple new targeted drugs and
immunotherapies, there is hope that cure rates for stage IV melanoma will improve
in the near future. Even though systemic therapies are the main modality of
treatment for stage IV disease, patients with isolated and resectable metastases may
benefit from a surgical resection. Metastasectomy for melanoma is most commonly
employed in a palliative setting, such as small bowel resection for hemorrhage or a
bowel obstruction, lymphadenectomy for present or impending neurologic symp-
toms, and cutaneous excision for pain control. Surgical resection can also be used
for curative purposes, although such events are rare. Gastrointestinal tract metas-
tases commonly limited to small intestine, when resected completely can result in
improved survival. A review of such a cohort of patients demonstrated 23.5-month
survival time in patients whose disease was completely resected as opposed to
patients who underwent a partial resection (8.9 months) or were not resected
(4.1 months) (p < 0.0001) [14]. There was a selection bias in favor of patients who
were selected to undergo a surgical exploration as 14 patients were deemed to be
too sick to undergo an operation because of multiple comorbidities. Several other
reports also determined that a complete resection of gastrointestinal metastases
leads to a benefit in survival in comparison with incomplete resection, while
symptomatic relief is commonly accomplished [51, 89, 100].
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Distant cutaneous, nodal, and pulmonary metastases can also be surgically
resected. Considerable selection bias is present in these reports because the data are
retrospective, but certain trends have emerged and are helpful in the identification
of patients who may benefit the most from an operation. A low number of
metastases, a long disease-free interval between the time of initial diagnosis and the
detection of metastatic disease, and an operation with a goal for a metastasectomy
have been found to be associated with an improved survival [87, 120]. The authors
of the MSLT-1 studied patients who were enrolled in the trial and subsequently
developed metastases. The 4-year survival rate was superior for the 161 patients
who underwent an operative approach as opposed to the 130 patients who did not
(20.8 % vs. 7.0 %, HR = 0.41, p < 0.0001) [58]. Patients with distant skin,
subcutaneous and nodal metastases (M1a disease) seemed to derive the greatest
benefit from a surgical resection with or without an addition of systemic therapy.
Another interesting finding was that repeat operations did not result in a worse
survival in 67 patients.

Other visceral sites of melanoma metastases, such as the liver and adrenal
glands, have been studied in the setting of a metastasectomy, with 5-year survival
rates reaching 20.5 % [77, 98]. Patients who underwent resection demonstrated an
improved survival. In the presence of brain metastases, median survival ranges from
3 to 6 months. Oftentimes, major clinical symptoms are observed and resection of
such lesions may provide clinical benefits. A retrospective report studied 147
patients who underwent a craniotomy for 1–3 accessible metastases [125]. The
mortality was 2 %, while the median survival reached 8.5 months, an improvement
over historical cohorts treated non-operatively. Long-term cures were very rare,
with only 5 % of patients surviving to 5 years. In line with other published data, this
report identified an improved survival in patients with fewer lesions and complete
resections. In conclusion, despite the considerable selection bias present in all
reports for metastasectomy, it is clear that when the operation can be safely per-
formed, carefully selected patients may derive a clinical benefit.

13 Surgical Management of Systemic Therapy
Complications

13.1 Gastrointestinal Perforation

Since 2011, a number of new targeted therapies have become available for patients
with metastatic melanoma. These include ipilimumab (IPI), an anti-CTLA-4 anti-
body, BRAF inhibitor, programmed death-1 inhibitor, and programmed death
ligand-1 inhibitor. Some of these have been used alone, while others have been
combined with other established therapies, such as interleukin-2 (IL-2). Entero-
colitis is a known side effect of treatment with IPI, occurring in about 21 % of
patients and is frequently reported as the most common major toxicity [11]. While
most patients respond to high-dose steroids or infliximab, about 2 % develop bowel
perforation requiring a colectomy. This was higher than the rate of bowel
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perforations in patients treated with IL-2 (0.45 %) [57]. The Surgery Branch at the
National Cancer Institute reported an even higher incidence of gastrointestinal
perforation (13.6 %) in patients who were first treated with IPI and then high-dose
IL-2 [109]. The authors recommended patients undergo a diagnostic colonoscopy
prior to initiation of IL-2 therapy to rule out the presence of chronic active colitis.
Severe gastrointestinal toxicity has not been reported with the newer agents [52],
but as combination therapies become more widespread, it is safe to assume that
rates of severe enterocolitis leading to bowel perforation will increase, and the
surgeon must remain vigilant and knowledgeable about these possibilities.

13.2 Squamous Cell Carcinoma of the Skin

Serine/threonine kinase BRAF is a component of the RAS–RAF–MEK–ERK
signaling pathway that affects several cellular processes. It can be mutated in
melanoma, commonly at codon 600 (V600E) [18]. A BRAF inhibitor has been
approved for the treatment of metastatic melanoma [27]. Patients who are treated
with this agent frequently develop a variety of cutaneous lesions. Most of these are
benign, but squamous cell carcinomas can occur [30]. These can arise as early as
1 week into treatment, but usually occur 3–4 months after the start of therapy. The
incidence can be as high as 26 % [19]. Given this high potential for malignant
lesions to develop as a result of treatment with a BRAF inhibitor, a low threshold
for a biopsy of new lesions is recommended.

14 Conclusions

Melanoma is a rare form of skin cancer that has continued to increase in incidence
and accounts for a large proportion of skin cancer deaths. Surgical management can
result in high cure rates for patients with early- and intermediate-stage disease.
Proper treatment begins with a prompt biopsy of concerning cutaneous lesions, with
a preference for an excisional biopsy as it is more accurate than other diagnostic
modalities. Appropriate margins of excision are based on the thickness of the
primary lesion. Nodal staging is performed with a SLNB. While this operation
holds a clear clinical benefit to patients with intermediate-thickness melanomas,
certain subsets of thin melanomas and thick melanomas may derive benefits as well.
SLNB has not shown a survival benefit, but provides the best prognostic infor-
mation available to patients with melanoma. Complete lymph node dissection
remains the standard of care for patients with a positive sentinel node biopsy or
clinically involved nodes. Indications for metastasectomy have continued to expand
since this can lead to improved outcomes in carefully selected patients. These will
likely become more prevalent as newer therapies with better outcomes continue to
emerge onto the field of melanoma care.
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Adjuvant Therapy of Melanoma
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Abstract
The incidence of melanoma is rapidly increasing, especially in younger female
and older male patients. Recent fundamental advances in our knowledge of
melanoma tumorigenesis have established roles for inhibitors of the MAPK
pathway and regulatory immune checkpoints CTLA-4 and PD-1/PD-L1.
However, the majority of patients continue to present with non-metastatic
disease—typically managed with surgical resection and adjuvant therapy.
High-dose IFN-α2b (HDI) is the main adjuvant therapeutic mainstay in high-risk
disease following definitive resection. In this chapter, we review the evidence
supporting the use of adjuvant HDI in high-risk melanoma. We also discuss
some of the other treatment modalities that have been evaluated including
vaccines, chemotherapy, and radiotherapy.
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1 Introduction

Data from the US Surveillance, Epidemiology, and End Results (SEER) program
indicate that melanoma is rapidly increasing in incidence. In 2014 there were
76,100 new cases of melanoma and 9,710 deaths—an incidence that has quadrupled
over the past 4 decades, increasing by 2.6 % annually over the last 10 years [1].

Patients with early-stage (T1-2) disease have generally excellent outcomes fol-
lowing surgery. However, patients with thicker (≥T3) or ulcerated tumors, or with
regional lymph node involvement, have a higher risk of relapse and death,
underscoring the interest in effective adjuvant therapy for resected high-risk disease.

Early studies of interferons demonstrated a broad range of direct antitumor activ-
ities as well as immunomodulatory functions in a range of preclinical disease models.
Clinical activity in the advanced disease setting was modest and attention turned to
evaluating interferons in the adjuvant setting. The pivotal Eastern Cooperative
Oncology Group trial (E1684) randomized high-risk patients defined as those with T4
primary lesions or any nodal involvement either at presentation or at regional recur-
rence to high-dose IFN-α2b (HDI) versus observation and demonstrated substantial
improvements in relapse-free survival (RFS) and overall survival (OS) and led the first
Food and Drug Administration (FDA) approval for an adjuvant therapy of resected
high-risk melanoma [2]. HDI and the more recently approved pegylated IFN (pegIFN)
remain the only approved adjuvant treatments for resected high-risk melanoma (pri-
mary tumor thickness ≥T4 mm and/or regional lymph node metastases) [2].

Although approved in the USA, Australia, and Europe, substantial
treatment-related constitutional, hematologic, hepatic, and psychiatric toxicities
have impeded the adoption of this regimen in parts of Europe and the USA, as well
as in Australia. Subsequent trials have evaluated various dosages, schedules, and
routes of administration in an attempt to improve the therapeutic index while
assessing which treatment component was most critical to efficacy. These studies
have not offered substantial evidence that any alternative schedule or dose has
benefits that would rival those observed with HDI. Retrospective studies evaluating
a variety of predictive biomarkers have suggested several promising candidates,
none of which have been prospectively evaluated.
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In this chapter, we first discuss the clinical factors associated with recurrence
risk. We outline the development of IFN-α in the adjuvant setting, focusing on the
various clinical studies that led HDI to becoming the standard of adjuvant therapy,
and discuss emerging options including pegylated IFN, vaccines, CTLA-4 block-
ade, chemotherapy, and radiotherapy.

2 Indications for Adjuvant Therapy

Adjuvant therapy is typically considered for patients whose risk of recurrence is
higher than 30–40 % at 5 years, following the surgical extirpation of detectable
disease, for the purposes of preventing the likelihood of recurrence and ultimately
toward the goal of improving the overall long-term disease-specific survival.

Of the various clinicopathologic factors important in melanoma, 5 factors with
independent predictive value in relation to relapse and mortality have been iden-
tified based on relapse and survival data from patients in the American Joint
Committee on Cancer (AJCC) Melanoma Staging Database [3]. These factors were
included in the revised 2009 classification on the staging and prognosis of cuta-
neous melanoma copublished by the AJCC and the International Union Against
Cancer (UICC):

• Primary tumor depth or Breslow thickness.

– Measured in millimeters [<1.00 mm (T1), 1.01–2.00 mm (T2), 2.01–4.00 mm
(T3), and >4.00 mm (T4)], and this is the most important prognostic factor,
with survival decreasing commensurately to increasing thickness.

• Ulceration.

– Adversely increases the prognosis of melanoma of any thickness—ulcerated
melanoma of any T depth is associated with a risk of relapse and/or death of
the next higher non-ulcerated T depth.

• Mitotic rate.

– Defined as the number of mitoses per square millimeter (mm2) in the primary
tumor, and this discriminates between aggressive lesions (>1 mitoses/mm2)
and less aggressive lesions (<1 mitoses/mm2) especially in T1 melanomas.
Besides ulceration, the mitotic index separates T1a from T1b lesions.

• Regional metastatic burden.

– Absolute risk of lymph node involvement increases proportionally to tumor
thickness—2–5 % for T1 and up to 34 % for T4 lesions [4]. Both macro-
scopic tumor burden (1, 2–3 and ≥4) and microscopic tumor burden have
prognostic implications—latter subdividing N1 and N2 classifications into
N1a/N2a (micro-metastatic) and N1b/N2b (macro-metastases). Survival
decreases with increasing lymph node involvement—5-year survival ranges
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from 78 % (stage IIIA) to 59 % (stage IIIB) down to 40 % (stage IIIC).
Prognostic implication of sub-micro-metastases (<0.1 mm) is contentious:
Some authors deem sentinel lymph node (SLN) involvement of any degree
significant, while others argue that patients with melanoma micro-metastases
have similar rates of relapse and/or death as patients with SLN-negative
disease [4, 5].

• Location and extent of distant metastatic disease.

– Location and extent of distant metastases and serum lactate dehydrogenase
(LDH) enzyme level predict survival. Of the former, distant skin, subcuta-
neous, and/or lymph node metastases (M1a) have the best prognosis, while
non-lung visceral metastases and tumors with LDH elevation (M1c) have the
worst. Pulmonary metastases (M1b) have an intermediate prognosis. The
extent of tumor, and particularly whether the disease is solitary or not, has
been shown to be important both in the regional lymph node and in the
distant visceral sites including the brain [6].

Several authors have developed prediction tools that use proprietary nomograms
to estimate the risk of nodal metastases (Memorial Sloan Kettering Sentinel Node
Metastasis prediction tool) and 5-/10-year survival (AJCC Individualized Mela-
noma Patient Outcome Prediction Tool) [7, 8].

Current practice standards advocate either clinical trial enrollment or adjuvant
therapy with interferon [either high-dose interferon for 1 year or pegylated inter-
feron (pegIFN) for 2 years] in patients with high-risk resected melanoma whose
estimated risk of recurrence exceeds 30 %, i.e., high-risk node-negative disease
(T3b or T4 a/b) and node-positive melanoma.

3 Evolution of HDI and PegIFN in Adjuvant Therapy
of High-Risk Resected Melanoma

Melanoma is an immunogenic solid tumor, as first suggested by reports of spon-
taneous regressions in advanced disease; and by the subsequent documentation of
melanoma-specific immune responses to cancer germ line antigens (MAGE and
NY-ESO-1), melanoma differentiation antigens, and presence of tumor-infiltrating
lymphocytes (TILs). These observations paralleled our early forays into under-
standing the cellular and humoral basis of immunity.

Evidence of the antineoplastic effects of a variety of cytokines including IFN-α,
IL-2, IL-7, and IL-21 heralded the dawn of cancer immunotherapy. These early
results yielded in a series of trials in an array of preclinical disease models and in
human melanoma. Early studies of IFN-α in metastatic melanoma were promising,
with several durable responses and occasional complete responses, although overall
response rates were low (*15 %)—a response pattern that came to characterize the
antitumor efficacy of early immunomodulatory agents in this setting. Encouraged
by observed activity in the setting of advanced disease, investigators turned to

184 D. Davar and J.M. Kirkwood



evaluating IFN-α in the adjuvant postoperative high-risk setting. Following initial
dose-finding trials, US, European, and Australian investigators conducted multiple
adjuvant phase III trials evaluating different subtypes (IFN-α2a, IFN-α2b, and IFN-
α2c), dosages (low dose, ≤ 3 MU/dose; intermediate dose, 5–10 MU/dose; and high
dose ≥10 MU/dose), routes [intravenous (IV), intra-muscular (IM), subcutaneous
(SC)], and schedules (induction, maintenance, combination) to refine the thera-
peutic index. These trials are summarized in Table 1 [9–28].

The first two prospective randomized phase III trials of high-dose IFN-α2b
(HDI) in stage II/III melanoma were the North Central Cancer Treatment Group
(NCCTG) 83-0752 and the Eastern Cooperative Group (ECOG) E1684 trials.
NCCTG 83-0752 randomized 262 patients (61 % lymph node positive) to either
IFN-α2a (20 MU/m2 thrice weekly IM for 12 weeks) or observation and reported
non-significant trends towards reduced recurrence and improved survival with IFN-
α2a [9, 10]. ECOG E1684 utilized IFN-α2b and tested a longer regimen comprising
induction (IV 20 MU/m2 daily for 5 days for 4 weeks) and maintenance (SC
10 MU/m2 thrice weekly for 48 weeks) phases in 287 stage II/III patients, 89 % of
whom had regional lymph node metastases. When initially reported at 6.9 years
median follow-up, HDI significantly improved both disease-free survival (DFS) and
OS compared to observation. Subset analysis suggested that node-positive patients
benefited disproportionately though node-negative patients only represented 11 %
of the cohort. Toxicity consisted of near-universal constitutional and flu-like
symptoms that were readily supported by properly trained allied health professional
teams, and hematologic, and hepatic laboratory findings which were the basis of
dose-modification along with the constitutional toxicities, and psychiatric and
depressive symptoms that were encountered in <10%. In overview, the toxicities of
this therapy resulted in treatment delay and/or dose reduction in *50 % of patients
although the toxicities were nearly all reversible. Based on these statistically sig-
nificant RFS and OS results at nearly 7 years of median follow-up, the FDA
approved HDI for the indication of adjuvant therapy in 1995. When the 7 year
survival data were re-analyzed at 12.6 years median follow-up, RFS improvement
favored treatment although at this horizon, the originally noted significant benefit in
terms of OS were no longer nominally statistically significant. This may have
reflected competing causes of death in an elderly cohort.

Subsequent trials seeking to develop less difficult regimens that might show effi-
cacy have evaluated lower doses of IFN-α in an attempt to extend the OS/RFS benefits
[11–27]. Alternative regimens have evaluated very low-dose regimens (1 MU SC
every other day) in the European Organization for Research and Treatment of Cancer
(EORTC) 18871; low-dose regimen (3 MU SC thrice weekly) tested in WHO Mel-
anoma Program Trials 16, ECOG E1690 (T4N1), UKCCCR AIM-High trial, Scottish
trial, German DeCOG 2008, and DeCOG 2010 studies; and intermediate-dose regi-
men tested in EORTC 18952/18991 and Nordic Melanoma Cooperative Group’s
Nordic IFN trial. Although several of these reported improvements in RFS, only the
German DeCOG 2008 study reported an OS benefit although this trial was only
powered to assess the combined regimen of low-dose IFN-α (LDI) with dacarbazine
(DTIC), rather than LDI alone, and has never been replicated.
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Efforts to add chemotherapeutic agents to HDI to augment the benefits seen with
HDI have been generally disappointing with high toxicity rates given the relative
duration and toxicity of the HDI regimen itself. Southwest Oncology Group’s
(SWOG) S0008 was an attempt to evaluate how a shorter (but more intensive)
biochemotherapy regimen consisting of IL-2, IFN, cisplatin, vinblastine, and
dacarbazine would compare to standard HDI [28]. 402 patients with stage III (24 %
IIIC) cutaneous melanoma were randomized to either HDI or biochemotherapy. At
a median follow-up of 7.2 years, biochemotherapy was associated with fewer
relapse events and improved overall survival; albeit with 40 % incidence of grade 4
toxicity (7 % for HDI) though grade 3/4 toxicity rates and treatment discontinuation
rates were similar in both cohorts. Further evaluation of this regimen is not planned
with future use being restricted to highly selected patients at experienced centers.

Nineteen phase III trials have evaluated the role of IFN-α2b in reducing risk of
relapse and improving overall survival in high-risk melanoma. Two systematic
reviews [29, 30], a pooled individual patient data analysis [31], and two meta-analyses
of the literature [32, 33] have analyzed the collective data with the singular conclusion
that IFN-α-based adjuvant therapy reliably improves RFS by 17 % (HR 0.83, 95 %
confidence interval 0.78–0.87, p value significant), with a lesser improvement in OS of
9 % (HR 0.91, 95 % confidence interval 0.85–0.97, p value significant) based on the
most recent Cochrane database review by Mocellin et al. [30].

Post-hoc analyses in E1684 indicated that the greatest reduction in risk of relapse
occurred early with this therapy—raising the possibility that the value of the HDI
regimen’s induction phase was both necessary and perhaps sufficient for this
treatment benefit. Three prospective randomized trials have evaluated the efficacy
of a truncated treatment course in relation to the full year of treatment or obser-
vation: Hellenic He13A/98 (modified induction only versus modified induction and
maintenance) [14], E1697 (HDI induction only versus observation) [16], and a
recently reported Oxford UK phase II study (HDI induction only vs. HDI induction
and maintenance) [34]. Hellenic He13A/98 study authors chose a non-inferiority
design and elected to use modified induction/maintenance doses: 25 %
dose-reduced induction (IV 15 MU/m2 rather than 20 MU/m2) and a flat mainte-
nance (SC 10 MU rather than 10 MU/m2) with an otherwise unchanged adminis-
tration schedule. Although Hellenic He13A/98 authors concluded that the modified
induction-only regimen was non-inferior to the extended induction/maintenance
therapy, the relatively lower percentage of stage III patients enrolled (58 %) and
lack of an observation control arm and lower doses of IFN-α used are noteworthy.
E1697 was terminated early for futility at interim analysis of 1150 patients of a
planned enrollment of 1420. At ASCO 2011, authors reported not noting any
significant improvement in either recurrence-free or 5-year survival for the trun-
cated treatment schedule. A recently published British randomized phase II study of
HDI induction versus HDI induction/maintenance in 194 patients (77 % lymph
node positive) reached similar conclusions with borderline statistical superiority of
the 1-year versus the 1-month treatment in terms of the OS of patients in this study.
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Other authors have sought to answer the alternative question of whether pro-
longed duration of therapy might confer greater treatment benefit. Given the tox-
icity and frequency of treatment with HDI, studies of longer than one year of this
regimen have not been undertaken; however, the greater potential facility of
treatment with pegylated species and the familiarity of lower dosage regimens with
recombinant IFN are used for hepatitis C, studies evaluating longer durations of
treatment have utilized PegIFN or lower dosages of IFN-α: E1690 [11], WHO 16
[27], EORTC 18952 [17], 18991 [18] and the Nordic IFN trial [19]. Neither ECOG
E1690 nor the European WHO trial 16 demonstrated any RFS/OS benefit with 2–
3 years of lower dose IFN (3 MU TIW). Although EORTC 18952 concluded that
adjuvant intermediate-dose IFN-α2b given for an extended duration failed to
improve distant metastasis-free interval (DMFI), distant metastasis-free survival
(DMFS), or OS, post hoc analysis noted a survival benefit for patients with stage
IIB/C disease suggesting that lower tumor burdens predicted for IFN response.
However, both the Nordic IFN trial and EORTC 18991 concluded that adjuvant
IFN (IFN-α2b and PegIFN, respectively) improved RFS but not OS after 1 year of
therapy with no incremental benefit from additional treatment. A separate finding
from subgroup analysis in EORTC 18991 of RFS/DMFS/OS benefit in patients
with ulcerated primaries and/or microscopic nodal metastases is being prospectively
evaluated in EORTC 18081 (adjuvant PegIFN for 2 years compared to observation
in ulcerated node-negative patients).

HDI and PegIFN are approved by American, European (HDI only, not PegIFN)
and Australian health authorities for the adjuvant treatment of high-risk resected
melanoma conventionally accepted to comprise either node-positive disease or
node-negative disease with a primary of Breslow thickness T2b or greater.
Both HDI (given for 1 year) and PegIFN (given for 2 years) improve the RFS from
30 % (HDI) to 13 % (PegIFN). Treatment related toxicity is considerable with both
regimens—leading to delays or discontinuation in *50 % of treated patients.

4 Other Adjuvant Therapeutic Options—Vaccines,
Chemotherapy, and Radiotherapy

Other adjuvant immunotherapy modalities that have been evaluated include other
cytokines and nonspecific immune stimulants (BCG, Corynebacterium parvum,
levamisole including combinations with DTIC). Other than isolated, non-
reproducible results in early phase studies, these trials have been largely nega-
tive. These data are reviewed in detail elsewhere [35].

Cancer vaccines are subdivided based on the nature of the antigen(s) or cell(s)
incorporated—whole cell/cell lysate (autologous, allogeneic), dendritic cell (DC),
peptide, ganglioside, and DNA vaccines. Of the randomized trials of allogeneic
cell-based vaccines evaluated in the adjuvant setting, most have yielded negative
results and this approach is no longer being pursued [36]. Peptide vaccines typically
utilize melanocyte lineage antigens (MART-1, gp100, tyrosinase) or cancer–testis
antigens (NY-ESO-1, MAGE-A3) and include adjuvants or Toll-like receptor
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(TLR) ligands without which tolerance would result. Promising leads in early phase
studies have not increased RFS compared to placebo in randomized trials. A large
phase III trial of a MAGE-A3 vaccine is underway in patients with stage III B/C
melanoma whose tumors are positive for the MAGE-A3 germ line lineage antigen.
This vaccine contains a proprietary immune-stimulant AS15 and elicits robust CD8
+ cytotoxic T-cell responses. However, recent reports indicate that the trial failed to
meet its DFS end point at interim analysis though the trial will continue until the
second coprimary end point (DFS in gene signature-positive subpopulation) is
assessed [37]. Other cancer vaccines currently in phase III trials for melanoma
include Vical’s Allovectin-7® (NCT00395070), Amgen’s Talimogene laherparep-
vec, and OncoVEXGM-CSF® (NCT00769704). Although final data have not been
released, interim reports indicate that Vical’s Allovectin-7® failed to improve either
primary (24 week overall response rate) or secondary (overall survival) efficacy end
points compared to chemotherapy [38].

Three phase III trials have reviewed the role of adjuvant chemotherapy after
surgical resection. Neither RFS nor OS benefits have been obtained with this
approach. In the most recent of these (E1673), neither BCG alone nor the DTIC/BCG
combination improved RFS/OS over observation in stage I–III patients [39–41].
Combinations of chemotherapy with immunotherapy (biochemotherapy, BCT) are
associated with higher response rates when compared to DTIC, although no survival
advantage has been demonstrated and toxicity is greater [42]. Adjuvant BCT was
evaluated before the negative data from the use of BCT versus chemotherapy in
metastatic melanoma was available. In S008, a randomized phase III trial by South
West Oncology Group (SWOG), the reference one-year HDI was compared to three
cycles of cisplatin, vinblastine, DTIC, IL-2, and IFN-α2b in patients with high-risk
resected melanoma (stage IIIA-C, 100 % node positive). At ASCO 2012, the authors
reported that compared to standard HDI in this high-risk cohort, biochemotherapy
improved RFS (HR 0.77) with no discernible influence upon OS at a median
follow-up of 6 years. Grade 3 constitutional toxicity was higher in the HDI arm, but
grade 4 toxicity was noted in 40 % of patients receiving BCT [43].

Acral/mucosal melanoma is a distinct clinical entity associated with mutations in
KIT at a higher frequency [15–20 % (mucosal) and 10–20 % (acral)] than present in
cutaneous melanomas (2 %) [44–46]. Given the relative rarity of acral/mucosal
melanoma outside Asia, prior US/European adjuvant trials have neither selectively
evaluated the role of adjuvant therapy in this population nor have mucosal mela-
noma been separately delineated in previously reported trials. A Chinese phase II
study compared HDI versus temozolomide/cisplatin chemotherapy to observation
in high-risk resected mucosal melanoma and noted that although both HDI and
chemotherapy improved RFS/OS compared to surgery alone, HDI appeared less
effective than chemotherapy in RFS terms [47]. Although yet to be validated in a
phase III trial, this observation underscores the different biology of acral/mucosal
melanoma and may drive differential responses to adjuvant HDI.

Melanoma has long thought to be a radiotherapy (RT) resistant tumor—largely
since the 1970s when cell survival curves for human cancer cell lines were first
published which showed a broad shoulder for melanoma cell lines and implied high
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level of damage repair. Investigators assumed that melanoma was less likely to
respond to conventionally fractionated radiation (2–2.5 Gy/fraction) and that hy-
perfractionation (≥4 Gy/fraction) was required to result in equivalent outcomes.
RTOG 83-05 prospectively randomized 126 patients with measurable disease to
either hyperfractionated or conventionally fractionated radiation schedules [48].
However, the study was closed prematurely for futility as complete and partial
remission rates were similar in both arms indicating that not only is melanoma a
radio-responsive disease, but conventional fractionation schedules may be equiv-
alent to hyperfractionated schedules for treatment of the disease. RT has been
shown to reduce the risk of loco-regional relapse. The ANZMTG trial was a pro-
spective multicenter phase III study in which 250 patients with high-risk disease
were randomized to either observation or regional nodal basin RT (48 Gy in 20
fractions). RT significantly reduced risk of loco-regional recurrence although sur-
vival was reduced, albeit in a non-statistically significant fashion—a result that is
poorly understood at this time [49].

Currently, given HDI’s role in reducing local and systemic recurrence risk, RT is
primarily indicated to reduce the risk and morbidity of local recurrence in patients
who either decline or are unsuitable for HDI. Based on several studies including the
ANZMTG trial, clinicopathologic features that predispose to local recurrence
despite adequate surgical margins have been identified and include:

• Extra-capsular lymph node extension.
• Involvement of four or more nodes.
• Bulky disease (exceeding 3 cm in size).
• Cervical lymph node location.
• Recurrent disease.

5 Ongoing Adjuvant Trials

The current spectrum of adjuvant clinical trials spans several classes of agents
including standard (HDI and pegIFN) and novel immunotherapeutic agents
including checkpoint inhibitors (anti-CTLA-4, anti-PD1, and anti-PDL1); new
targeted molecular signaling inhibitor therapies (BRAF, MEK); and novel vaccine
approaches. These are summarized in Table 2.

Based on observations in EORTC 18952/18991 of selective OS/RFS benefits in
patients with node-negative ulcerated primary melanomas who received adjuvant
IFN (IFN-α2b and PegIFN), the EORTC has designed a prospective randomized
trial—EORTC 18081—to compare 2 years of PegIFN to observation in 1200
patients with node-negative melanoma and ulcerated primaries greater than 1 mm
thickness (T2-4bN0M0). Accrual has commenced.

The discovery of the critical role of oncogenic driver mutations has profoundly
altered the therapeutic landscape of many malignancies including melanoma. Prior
histopathologic nomenclature (superficial spreading, nodular, lentigo maligna, acral
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lentiginous) is increasingly being replaced by genetically defined subgroups
(BRAF, NRAS, KIT, and for uveal melanoma, GNAQ/GNA11). Somatic mutations
in BRAF have been described in approximately 40–60 % of malignant melanomas,
especially those that arise from intermittent sun-exposed skin [50–53]. Most pre-
valent are missense mutations in valine 600. These single base alterations most
often substitute glutamine for valine (V600E, 80–90 %), with other substitutions
being less common—lysine for valine (V600K, 5–12 %) and arginine/aspartic acid
for valine (V600 R/D, respectively, <5 %). Regardless of type, these mutations
result in enhanced BRAF kinase activity and increased activity of downstream
targets such as MEK [54, 55].

Inhibitors of BRAF (vemurafenib and dabrafenib) and MEK kinases (trametinib)
have significantly improved survival in patients with advanced disease, although
acquired resistance is common and tumor progression occurs in most patients [56–
58]. Proven activity in the former setting has led to interest in the adjuvant arena;
currently, there are several studies evaluating RAF/MEK inhibitors either singly or
in combination for adjuvant treatment of melanoma. COMBI-AD (NCT01682083)
and BRIM-8 (NCT01667419) are randomized, double-blind phase III studies
enrolling high-risk stage III patients to placebo versus combined RAF/MEK inhi-
bition with dabrafenib and trametinib (COMBI-AD) or RAF inhibition alone with
vemurafenib (BRIM-8). Primary end points are RFS (COMBI-AD) and disease-free
survival (BRIM-8) with the proposed duration of treatment in both studies being
12 months. Investigators from Memorial Sloan Kettering Cancer Center are per-
forming a phase II adjuvant study of 4 cycles of monthly dabrafenib in resected
stage IIIC BRAF-mutated patients with RFS as a primary end point
(NCT01682213). Chinese investigators are comparing imatinib to a modified IFN-
α2b schedule in KIT-mutated patients (NCT01782508). These trials are slated to
open in 2013 with estimated completion between 2014 and 2016.

T-cell responses to antigen presentation are modulated by a system of positive
and negative feedback loops following initial antigen presentation. Following
binding of cognate ligands to CD4+ T-cell receptors, T cells are primed but require
a second “costimulatory” signal between B7-1/B7-2 (CD80/86) on antigen pre-
senting cells (APCs) and T-cell CD28 for full activation. CD28 transmits a stim-
ulatory signal, while CTLA-4 transmits an inhibitory signal—with the functional
outcome depending on the relative engagement of APC with CD28 versus CTLA-4.
PD-L1 is ubiquitously expressed on tumors and engages with T-cell PD-1 to
downregulate CD8+ T-cell responses possibly through suppression of PI3K/AKT
activation [59]. CTLA-4 and PD-1 are negative regulators of T-cell responses that
function in initiator and effector phases of the T-cell response, respectively. By
blocking negative regulators of the immune response, CTLA-4 (and PD-1) inhib-
itors enhance CD8+ T-cell proliferation and response.
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Ipilimumab (YervoyTM, Medarex Inc/Bristol-Myers Squibb) is a humanized
IgG1K monoclonal antibody that competitively inhibits CTLA-4 negative regula-
tory checkpoint. Ipilimumab has been evaluated in two randomized trials in met-
astatic melanoma patients: against a gp100 peptide vaccine in the second line
(3 mg/kg) and against dacarbazine in the first line (10 mg/kg) [60, 61]. Of these,
both trials demonstrated improved OS and PFS with durable responses in a minority
of treated patients. Use is associated with a novel pattern of side effects involving
skin, liver, bowel, and/or endocrine system—collectively termed immune-related
adverse events (irAEs). Ipilimumab use is also associated with a variety of radio-
graphic response patterns, distinct from those observed with traditional cytotoxic
chemotherapy [62].

Evaluation in the adjuvant setting is proceeding in both Europe and the USA.
EORTC 18071 evaluated ipilimumab 10 mg/kg against placebo in 951 high-risk
stage IIIA-C melanoma patients post-resection, and interim results were presented
at ASCO 2014 [63, 64]. Specifically in the IIIA cohort, investigators only enrolled
patients with >1 mm lymph node involvement. Accrual commenced June 2008 and
completed July 2011, and as at June 2014, a median of 2.7 years (and 56 % of
events) had elapsed. Ipilimumab use was associated with a 25 % reduction in risk of
relapse (HR 0.74, 0.64–0.90). This translated into a 9.0-month (26.1 vs.
17.1 months) improvement in RFS over placebo and a difference in absolute risk of
8 % at 2 years and 12 % at 3 years, respectively. This is similar although three years
less mature than the initial report of adjuvant efficacy for high-dose IFN. RFS
improvement was noted in all subgroups but was greatest in patients with stage IIIC
disease, ulcerated primaries, or microscopic nodal involvement which may be due
to the greater relative maturity of the data in this subset. Toxicity profile was
consistent with studies of ipilimumab in advanced melanoma though somewhat
higher (42 % grade 3/4 events including 7.6 % grade 3/4 colitis, 5.1 % grade 3/4
hypophysitis) and included 5 treatment-related deaths. Although most patients
discontinued therapy secondary to intolerance or progression, benefit was seen after
a median of 4–5 doses suggesting that the first four induction doses accounted for
majority of RFS benefit. Data regarding secondary end points (DMFS and OS) are
immature and will be reported later.

ECOG has led an intergroup trial E1609 that is an open-label randomized phase
III trial comparing ipilimumab at both the approved dosage level (3 mg/kg) and the
higher potentially more active dosage of 10 mg/kg versus HDI in 1600 patients with
high-risk melanoma (stages IIIB-C/IV) following resection. Unlike EORTC 18071,
E1609 was powered with RFS and OS as coprimary end points and will answer
whether ipilimumab 10 mg/kg has RFS (or OS) benefit over IFN, and if so, whether
3 mg/kg is efficacious. Accrual is near complete, and initial results are expected in
2016. These data are awaited due to the fact that the primary end points of this trial
were both OS and RFS, and it has tested the lower and already US FDA-approved
dosage of 3 mg/kg of ipilimumab, where the fatal and grade ¾ toxicity rate is
anticipated to be substantially lower than for the 10 mg/kg studied in EORTC
18071. Moreover, the comparator IFN therapy is more relevant to the worldwide
community where IFN has been adopted as the approved reference standard.
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6 Conclusions

Prior efforts in developing an adjuvant option in high-risk resected melanoma have
centered on the use of non-selective cytokines. Approaches based on vaccines,
cytotoxic chemotherapy, and BCT have largely failed to yield reproducible benefits
in randomized studies. RT has a role in selecting patients as delineated above.

HDI (for 1 year) and PegIFN (for 2 years) have reproducibly demonstrated
improved RFS and OS resulting in regulatory approval. Treatment-related mor-
bidity is significant with both agents, and *50 % of patients experience treatment
delays, discontinuations, and/or dose adjustments. Efforts to improve the
risk/benefit ratio have evaluated lower dose regimens and longer durations of
therapy with negative results. EORTC’s E18081 will prospectively evaluate whe-
ther PegIFN will selectively benefit patients with ulcerated node-negative
melanoma.

Advances over the preceding decade have elucidated several molecular driver
(BRAF, MEK) and immune tolerogenic mechanisms (CTLA-4, PD-1/PD-L1)
important in the growth and proliferation of melanoma. Agents developed based on
these approaches (BRAF/MEK/KIT inhibitors, CTLA-4/PD-1/PD-L1 inhibitors)
have improved survival in the advanced disease setting and are pending evaluation
in the adjuvant setting—COMBI-AD (dabrafenib and trametinib combination vs.
placebo in BRAF-mutated patients), BRIM-8 (vemurafenib vs. placebo in
BRAF-mutated patients), and NCT01782508 (imatinib vs. modified IFN-α2b
schedule in KIT-mutated patients).

Data from EORTC 18071 (ipilimumab 10 mg/kg vs. placebo) reported clinically
significant improvement in RFS over placebo with adjuvant ipilimumab compared
to placebo in stage III resected melanoma. Data regarding OS is immature at this
time. E1609 (ipilimumab 3 mg/kg vs. ipilimumab 10 mg/kg vs. HDI) has nearly
completed accrual and results are expected in 2016. Collectively results from these
two studies will inform if ipilimumab has a role in the management of high-resected
melanoma. These two trials are summarized in Table 3.

Recent work suggests that BRAF-mutated melanomas have greater tumor
immunogenicity but paradoxically decreased antitumor immunity suggesting that
combinations of targeted and immunomodulatory therapies may have additive, or
synergistic, benefits. This approach is being evaluated in the advanced disease
setting and if successful may be transposed to the adjuvant setting.
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Chemotherapy for Melanoma

Melissa A. Wilson and Lynn M. Schuchter

Abstract
Prior to the recent therapeutic advances, chemotherapy was the mainstay of
treatment options for advanced-stage melanoma. A number of studies have
investigated various chemotherapy combinations in order to expand on the
clinical responses achieved with single-agent dacarbazine, but these have not
demonstrated an improvement in overall survival. Similar objective responses
were observed with the combination of carboplatin and paclitaxel as were seen
with single-agent dacarbazine. The combination of chemotherapy and immuno-
therapy, known as biochemotherapy, has shown high clinical responses;
however, biochemotherapy has not been shown to improve overall survival
and resulted in increased toxicities. In contrast, palliation and long-term
responses have been observed with localized treatment with isolated limb
perfusion or infusion in limb-isolated disease. Although new, improved
therapeutic options exist for first-line management of advanced-stage melanoma,
chemotherapy may still be important in the palliative treatment of refractory,
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progressive, and relapsed melanoma. We review the various chemotherapy
options available for use in the treatment and palliation of advanced-stage
melanoma, discuss the important clinical trials supporting the treatment
recommendations, and focus on the clinical circumstances in which treatment
with chemotherapy is useful.
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1 Introduction

Melanoma is the most aggressive form of skin cancer. Its incidence continues to
increase yearly, with 77,000 new cases and 9500 deaths related to melanoma in
2013 [47]. In 2011, the Food and Drug Administration (FDA) approved two new
drugs for the treatment of advanced-stage melanoma, the cytotoxic T-lymphocyte
antigen-4 (CTLA-4)-blocking antibody, ipilimumab, and the targeted BRAF V600E
kinase inhibitor, vemurafenib. In 2013, two additional drugs were approved which
target mutant BRAF V600, the BRAF inhibitor, dabrafenib, and the MEK inhibitor,
trametinib. These treatment advances have demonstrated improved clinical out-
comes in patients with advanced-stage melanoma, with ipilimumab and vemu-
rafenib demonstrating improved overall survival [16, 43, 83, 89], and dabrafenib
and trametinib, both as single agents and in combination, demonstrating improved
progression-free survival [28, 31, 33, 39, 51]. Moreover, new treatment advances,
including new combinations, are being tested in clinical trials to improve treatment
options for patients with melanoma, a field that had not seen new advances in a
number of years. Prior to these advances in treatment options, chemotherapy, along
with high-dose interleukin-2 (IL-2), remained a mainstay in the treatment of
advanced-stage melanoma.
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While chemotherapy no longer is frontline therapy in advanced-stage melanoma,
it represents a common salvage regimen, confirming its role in the treatment par-
adigm of melanoma. Moreover, chemotherapy will have a more prominent role in
those melanomas which do not harbor somatic mutations that can be targeted with
specific inhibitors. With disease progression after receiving immunotherapy, che-
motherapy is the next option, given the current lack of targeted therapies for
melanomas lacking BRAF, NRAS, or KIT mutations. In this review, we discuss the
chemotherapy regimens that have been used in the treatment of advanced-stage
melanoma and the role of these agents in current treatment paradigms with the
development of improved treatment options.

2 Single Chemotherapeutic Agents

2.1 Dacarbazine/Temozolomide

Dacarbazine has been a longstanding chemotherapy drug that has been used in the
treatment of advanced-stage melanoma. Dacarbazine is an alkylating agent which
results in DNA adducts and is cytotoxic to cells [5, 65]. Dacarbazine is metabolized
by the liver into its intermediate metabolite, 3-methyl-(trianzen-1-yl)imidazole-4-
carboxamide (MTIC) [74]. Dacarbazine is an intravenous infusion, and its main
side effects include nausea and vomiting and myelosuppression. Dacarbazine
gained FDA approval for the treatment of melanoma in 1975. In total, a number of
phase I and phase II clinical trials demonstrated partial response (PR) rates of
approximately 15–28 %, complete response (CR) rates of approximately 3–5 %,
and very few durable responses of <2 % (reviewed in [20]). Randomized
placebo-controlled trials of dacarbazine have not been performed [20]. Since its
FDA approval, dacarbazine has become the standard regimen that all others have
been compared, including recent clinical trials of new targeted therapies and
immunotherapies with dacarbazine as the control arm [39, 83]. A number of studies
have been performed that involved addition of agents in order to try to increase the
efficacy of dacarbazine, including chemotherapies, immunotherapies (IFN and
IL-2), and anti-estrogens, with no improvement in overall survival, and at the cost
of increased side effects and decreased quality of life (reviewed in [24]). The overall
outcome from these studies demonstrated that dacarbazine remained the standard
chemotherapy treatment option for patients with metastatic melanoma, as had been
previously suggested [16, 24].

Dose and schedules of dacarbazine vary widely, with no data to suggest that
response rates are influenced by these variables. The most commonly used regimen
is 800 to 1000 mg/m2 intravenously repeated every 3–4 weeks, or 200 mg/m2

intravenously for 5 days every 3–4 weeks. Dacarbazine is generally well tolerated.
The most frequent side effects are nausea and vomiting, which can be severe. Mild
to moderate myelosuppression is a common dose-related side effect.
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Another chemotherapeutic agent that is used in the treatment of advanced-stage
melanoma is temozolomide. Similar to dacarbazine, temozolomide is an alkylating
agent, which is FDA-approved in the treatment of glioblastoma [98, 99]. Tem-
ozolomide undergoes conversion to MTIC under physiologic conditions [74]. It is
an oral chemotherapeutic drug, with CNS activity as it crosses the blood–brain
barrier [98], and its main side effects include headache, nausea and vomiting, and
myelosuppression, including lymphopenia and thrombocytopenia [2].

A number of studies have investigated the efficacy of temozolomide versus
dacarbazine. Overall, these studies demonstrated no differences between these two
agents, and dacarbazine and temozolomide are generally believed to be similar
agents which are interchangeable. Of note, temozolomide has demonstrated bet-
ter CNS activity, as has been seen in the treatment of glioblastoma and glioma
[13, 98, 99], so it is often considered in the setting of melanoma brain metastases
[12]. A randomized phase III trial of temozolomide versus dacarbazine in patients
with metastatic melanoma demonstrated an equivalent median overall survival
(OS) (7.7 months for temozolomide-treated patients and 6.4 months for
dacarbazine-treated patients, p = 0.20), and similar response rates between the two
cohorts were observed (13.5 % for temozolomide-treated patients and 12.1 % for
dacarbazine-treated patients) [73]. As has been standard practice in clinical trials,
patients with brain metastases were excluded from this trial. Another trial, which
also excluded brain metastases, investigated an escalated dose of temozolomide
versus dacarbazine with similar results, such that no difference was observed
between the two treatment arms and that escalated temozolomide dosing does not
have better efficacy or outcomes than dacarbazine. Median OS was 9.1 months in
the temozolomide arm and 9.4 months in the dacarbazine arms (p = 0.99), and
overall response rate was 14.5 % in the temozolomide arm versus 9.8 % in the
dacarbazine arm [77].

A retrospective case–control study investigated the effect of temozolomide in
reducing CNS metastases in melanoma. Patients with metastatic melanoma were
evaluated if they had responded to systemic treatment. In the 21 patients who
responded to dacarbazine and the 20 patients who responded to temozolomide, nine
dacarbazine-treated and two temozolomide-treated patients were found to have
CNS relapse, which was statistically significant (p = 0.03) [78], suggesting that
temozolomide may be involved in reducing development of new brain metastases.
In addition, two phase II trials specifically looked at the use of temozolomide in the
treatment of melanoma CNS metastases. In the first study, patients with measurable
CNS disease were treated with whole-brain irradiation and temozolomide at
75 mg/m2 daily for six weeks, with temozolomide treatment repeated every
10 weeks. A limited number of toxicities occurred, although one included a fatal
episode of sepsis. Of the 31 patients treated, one patient experienced a complete
CNS response for 4.5 months and two patients experienced partial CNS responses
for two months and seven months [68]. While temozolomide and whole-brain
irradiation demonstrated limited activity, this study demonstrated the safety of the
combination. A multicenter, international study evaluated temozolomide in the
treatment of CNS metastases. Temozolomide was used at 150 mg/m2 in previously
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treated patients and 200 mg/m2 in treatment-naïve patients, and treatment was on
days one to five every 28 days. Of the 151 patients enrolled on study, 42 (36 %)
derived some sort of clinical benefit, including one complete and seven partial
responses and stable disease [2]. Brain metastases occur frequently in melanoma
patients and are associated with significant mortality.

Though not FDA-approved for melanoma, temozolomide is used to treat patients
with advanced melanoma based upon its ease of administration, CNS penetration,
and favorable toxicity profile. Two different schedules have been evaluated. First is
a 5-day regimen with a daily dose of 150–200 mg/m2 on days 1–5. Courses are
repeated every 3–4 weeks. The major side effect is mild to moderate myelosup-
pression. Mild nausea and vomiting also are common but can be readily controlled
with standard antiemetic therapy. A second regimen, known as extended dosing of
temozolomide, has been investigated, which comprises a lower daily dose for
prolonged periods (75 mg/m2 daily for 6 weeks on, 2 weeks off). This dosing
regimen of temozolomide is associated with more lymphopenia, and opportunistic
infections, specifically pneumocystis pneumonia, have been reported.

A recent meta-analysis reported aggregate data from five clinical trials investi-
gating temozolomide versus temozolomide containing regimens. Results from this
meta-analysis demonstrated a relative risk of 1.44 (95 % confidence interval (CI),
1.06–1.95) for temozolomide combinations compared to temozolomide alone [50].
However, there was not a significant difference between the treatment arms for the
one-year survival rate. Similarly, no differences in adverse events were noted.
Although limited in its analysis, this study demonstrates the safe combination of
temozolomide and additional chemotherapeutic agents and, despite the lack of
difference in longer term survival, the potential for short-term responses, which are
sometimes desirable in rapidly progressing disease which is refractory to previous
immunotherapy and targeted agents.

In an attempt to improve on previous therapies and capitalize on the improved
response rates observed with the use of immune checkpoint inhibitors, clinical trials
have investigated the combination of DTIC with ipilimumab. In a randomized
phase II multicenter clinical trial, chemotherapy-naïve advanced-stage melanoma
patients were randomized to receive ipilimumab alone at 3 mg/kg every four weeks
for four doses (ipi), or ipilimumab in combination with DTIC at 250 mg/m2 daily
for up to six 5-day courses (ipi + DTIC). Overall response rate was increased in the
ipi + DTIC arm compared to ipi alone, 14.3 versus 5.4 %, and median OS was
14.3 months and 11.4 months, respectively [40]. Durable responses were identified
in over 50 % of patients responding to treatment, including patients on both arms of
the study. Although clinical trial results did not reach statistical significance, the
study demonstrated the feasibility of combining treatments with different mecha-
nisms of action in the attempt to increase responses [40]. Concurrent with this trial,
a dose-finding trial of ipilimumab identified increased response rates with ipi-
limumab at 10 mg/kg [96]. As such, another clinical trial investigating the com-
bination of ipilimumab with DTIC was performed. In a randomized phase III
clinical trial, treatment-naïve patients with advanced-stage melanoma were ran-
domized to receive ipilimumab (10 mg/kg) plus DTIC (850 mg/m2)(ipi + DTIC) or
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DTIC plus placebo (DTIC) every three weeks for four treatments followed by DTIC
alone every three weeks for total of 22 weeks; in addition, patients without pro-
gressive disease or dose-limiting toxicity received maintenance ipi or placebo every
12 weeks [83]. Results of this clinical trial demonstrated median OS of 11.2 months
in the ipi + DTIC arm and 9.1 months in the DTIC arm (HR = 0.72, P < 0.001) [83].
No unexpected adverse events were identified, although toxicity was increased in
the ipi + DTIC arm compared to DTIC alone, with a notable increase in liver
enzymes and decrease in gastrointestinal side effects in the ipi + DTIC arm [83].
Moreover, improved responses associated with ipilimumab in combination with
DTIC compared to DTIC alone were observed in all patient subsets that were
analyzed, including well-known poor prognostic factors including elevated LDH
and M1c disease [83].

2.2 Nitrosoureas

In addition to DTIC and temozolomide, the nitrosoureas—carmustine (BCNU) and
lomustine (CCNU)—are also alkylating agents that have been used in the treatment
of advanced-stage melanoma, rarely alone and usually in combination. BCNU is
administered intravenously, while CCNU is taken orally. Initial studies of
single-agent BCNU and CCNU date back to the late 1960s. Reports describe the
use of DTIC, BCNU, and CCNU as single agents or in combination in the treatment
of metastatic melanoma. In a report describing treatment of 80 patients, DTIC was
given more frequently in 62 patients, but BCNU was given to 18 patients and
CCNU was given to six patients; in addition, patients received sequential treatments
with these agents, as well as combinations of therapy. Objective responses (com-
plete responses and partial responses) were observed in 29 % of patients treated
with DTIC, 17 % of patients treated with BCNU, and 33 % of patients treated with
CCNU [42]. It is believed that treatment with BCNU or CCNU provides benefit to
those patients with brain metastases, as symptomatic response was observed in a
patient treated with BCNU and a patient treated with CCNU, while patients treated
with DTIC relapsed with brain metastases [42], though with increased side effects.
In general, carmustine and lomustine are mainly used in combination chemotherapy
regimens, carmustine in the Dartmouth regimen and lomustine in BOLD, in the
treatment of advanced-stage melanoma which will be discussed.

2.3 Carboplatin/Taxanes

In addition to dacarbazine and temozolomide, other chemotherapies have been
examined in the treatment of advanced-stage melanoma in order to try to identify
agents resulting in improved outcomes. Carboplatin has been used to treat a number
of solid tumors. Treatment with carboplatin is cytotoxic to cells, resulting from
DNA crosslink formation and inhibition of both replication and transcription. It has
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been tested in melanoma as a single agent and in combination with other chemo-
therapies. Taxanes, both paclitaxel and docetaxel, have also been tested in mela-
noma. This class of chemotherapy agents functions as microtubule inhibitors, and
they function to stabilize tubulin polymerization and microtubule formation,
thereby resulting in dysfunctional mitotic spindle complexes and cell death. The
taxanes have also been tested alone as single agents and in combination with other
agents.

A phase II trial investigated the use of carboplatin in advanced-stage melanoma.
Chemotherapy-naïve metastatic melanoma patients were treated with carboplatin.
Five out of 26 patients achieved PRs, resulting in a 19 % response rate (95 % CI, 8–
38 %) [27]. Dose-limiting thrombocytopenia was observed, as well as moderate
nausea and vomiting. The response rates observed with the treatment of carboplatin
are comparable to those observed with dacarbazine [20, 27], the standard chemo-
therapy regimen for advanced-stage melanoma, and therefore represented a
potential chemotherapy option, alone or in combination, to be further explored in
melanoma patients.

The use of paclitaxel in the treatment of melanoma was explored in two phase II
clinical trials. In the one study, three out of 25 chemotherapy-naïve patients treated
with paclitaxel demonstrated a PR (12 %; CI, 3–13 %) [63]. In addition to these
PRs, 4 out of 25 (16 %) demonstrated objective responses not qualifying as PR with
durable responses between six to 17 months, and 4 out of 25 (16 %) demonstrated
stable disease (SD) [63]. Side effects that were observed included neutropenia,
requiring dose reduction of paclitaxel, alopecia, lower extremity bone pain, and
peripheral neuropathy. An additional 34 patients were treated with paclitaxel in
another study. In the 28 evaluable patients, four (14, 95 % CI, 4–33 %) demon-
strated an objective response, with three patients experiencing a CR and one patient
with a PR, with two patients who had continued responses at 25 and 38 months at
the time of the study [25]. Five additional patients demonstrated minor responses to
paclitaxel treatment [25]. Significant side effects were observed in this study.
Anaphylactic reactions were observed in four patients, resulting in treatment dis-
continuation, as well as significant neutropenia and peripheral neuropathy [25].
These trials demonstrated that paclitaxel had activity in melanoma which was
comparable to activity seen with dacarbazine [20, 25, 63] that warranted other
studies, particularly in combination studies.

Similar activity was seen in clinical trials investigating activity of docetaxel in
patients with advanced-stage melanoma. Docetaxel exhibited a more favorable
safety profile and is more potent when compared to paclitaxel [11]. A 17 %
response rate was observed in 30 patients (5/30) treated with docetaxel who were
evaluable for response (but 14 % for those evaluable for response and toxicity
(5/36)) [1]. A second phase II clinical trial evaluating the activity of docetaxel in
melanoma patients demonstrated an overall response rate of 12.5 % (5/40 patients)
(95 % CI, 6–30 %) [9], which consisted of one CR and four PRs; stable disease was
also observed in 22 patients. Median OS was 13 months for patients treated with
docetaxel with the median response duration being more than seven months on the
study [9]. Similar side effects from docetaxel were observed in both studies which
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included neutropenia, alopecia, skin toxicities, and peripheral edema/fluid retention
[9, 11]. Response rates for docetaxel were similar to those observed in studies for
paclitaxel [25, 63] and dacarbazine [20] and suggest that docetaxel could be used in
the treatment of advanced-stage melanoma.

Given the toxicities of paclitaxel and docetaxel, nab-paclitaxel has also been
tested in the treatment of melanoma. A phase II study evaluated nab-paclitaxel in
previously treated and chemotherapy-naïve patients with advanced-stage mela-
noma. Results demonstrated a 2.7 % response rate in previously treated patients and
a 21.6 % response rate in treatment-naïve patients; the combination of response rate
and stable disease was 37.8 % in previously treated patients and 48.6 % in
chemotherapy-naïve groups [41]. Median progression-free survival (PFS) was
3.5 months and 4.5 months in treated versus naïve patients, respectively, and
median OS was 12.1 months and 9.6 months in treated and naïve patients,
respectively [41]. Duration of response was increased and was 12.9 months in
previously treated patients and 24.0 months in chemotherapy-naïve patients, as well
as a one-year survival of 49 and 41 % in previously treated and chemotherapy-naïve
patients, respectively [41]. These results were similar, if not improved, compared to
responses with dacarbazine [20] and demonstrated activity of nab-paclitaxel in the
treatment of melanoma.

Combinations of platinums and taxanes have also been examined in the treat-
ment of advanced-stage melanoma, in the attempt to identify better chemotherapy
regimens with effectiveness in patients. A phase II clinical trial looked at the
combination of carboplatin and paclitaxel in patients with advanced-stage mela-
noma. Patients were either previously untreated or treated with one prior regiment
(that did not include a platinum or taxane). In this study, 15 patients were available
for evaluations, as two patients developed anaphylactic reactions to paclitaxel, and
demonstrated a 20 % (3/15) PR, 47 % (7/15) SD, and 33 % (5/15) with progressive
disease [44]. This study demonstrated activity of the combination of carboplatin and
paclitaxel in melanoma. Similarly, a retrospective analysis of past reports of
patients treated with carboplatin and paclitaxel demonstrated the clinical benefit of
this chemotherapy doublet as second-line treatment for melanoma patients who
were previously treated. Of the twenty-nine patients who were identified to have
received this treatment combination, eight patients (26 %) had a PR and six patients
(19 %) had SD, resulting in an overall clinical benefit of 45 % [82]. Median OS was
7.8 months, but in the 14 patients who derived the clinical benefit, the median
duration of clinical benefit was 5.7 months [82]. These results also support the use
of this chemotherapy combination in advanced-stage melanoma patients. A pro-
spective phase II trial investigated the combination of carboplatin and paclitaxel
compared to paclitaxel alone in previously treated advanced-stage melanoma
patients. This study was stopped early, as overall response was <10 % [100].
Indeed, no CR or PRs were observed in either treatment arm, and best response was
stable disease in eight patients [100]. In all, results of these clinical trials and
observations suggest the potential for activity of the combination of carboplatin and
paclitaxel in the treatment of patients with advanced-stage melanoma.
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The MAP kinase pathway plays an essential role in the pathogenesis of mela-
noma [21, 29, 30, 49], and early attempts at targeting this pathway involved the
combination of targeted therapy with chemotherapy. Notably, two randomized,
placebo-controlled phase III clinical trials used the carboplatin and paclitaxel
chemotherapy backbone to study the addition of the multi-kinase inhibitor, so-
rafenib [81, 95], in treatment response rates. One clinical trial investigated the effect
of sorafenib added to chemotherapy, carboplatin and paclitaxel, in patients who had
progressed on dacarbazine- or temozolomide-based regimens. The addition of so-
rafenib did not result in improved PFS or response rate; however, median PFS of
patients treated on the control arm of carboplatin and paclitaxel was 17.9 weeks and
response rate was 11 % [38]. Another trial investigated the effect of sorafenib added
to chemotherapy, carboplatin, and paclitaxel, in patients who were chemotherapy
naïve. Results from this study demonstrated that the addition of sorafenib did not
improve OS; however, median OS was 11.3 months for patients treated on the
control arm of carboplatin and paclitaxel and response rate was 18 % [32]. Prior to
these clinical trials, no definitive clinical trials had established evidence supporting
the use of carboplatin and paclitaxel in the treatment of advanced-stage melanoma.
These randomized phase III clinical trials provide survival endpoints to establish the
use of carboplatin and paclitaxel in the treatment of patients with advanced-stage
melanoma in both the second-line and chemotherapy-naive setting, as results are
comparable to those observed with dacarbazine [20].

In addition to intracellular signaling pathways, angiogenesis, particularly vas-
cular endothelial growth factor (VEGF), has been associated with melanoma and
disease progression [10, 37, 58, 67, 93]. A randomized, placebo-controlled phase II
clinical trial investigated the addition of the VEGF inhibitor, bevacizumab, or
placebo to carboplatin and paclitaxel in patients with advanced melanoma (BEAM)
[53]. This multi-institute phase II clinical trial enrolled 214 patients with metastatic
disease (stage IV) who were treatment naïve. Although responses seemed to favor
the addition of bevacizumab, results were not statistically significant. Median PFS,
the primary endpoint, in the carboplatin/paclitaxel/placebo (CP) arm was
4.2 months and was 5.6 months in the carboplatin/paclitaxel/bevacizumab
(CPB) (HR = 0.78, P = 0.1414), with overall response of 16.4 and 25.5 %,
respectively (P = 0.1577) [53]. Initial evaluation of OS at 13 months demonstrated a
benefit to the addition of bevacizumab to chemotherapy; median OS was
8.6 months in the CP arm and 12.3 months in the CPB arm (HR = 0.67,
P = 0.0366). However, this benefit was not supported upon further analysis four
months later; median OS was 9.2 months and 12.3 months in the CP and CPB arms,
respectively (HR = 0.79, P = 0.1916) [53]. Overall, the study did not demonstrate a
difference in PFS between the two treatment arms, CP and CPB, there was an
increased in toxicity on the CPB arm, and duration of response was shorter on the
CPB versus CP arms. In addition, survival and response rates for CP were similar to
those observed in the two clinical trials combining carboplatin, paclitaxel, and
sorafenib [32, 38], again demonstrating a role for combination of carboplatin/
paclitaxel in the treatment of patients with metastatic melanoma. However,
important observations reached in exploratory analyses of the data suggested patient
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cohorts possessing factors associated with poor prognosis, including M1c disease
and elevated LDH, tended toward improved responses with CPB treatment [53],
highlighting the importance that certain subsets of melanoma patients may respond
to anti-angiogenesis therapy and the need for biomarkers of response to specific
therapies in order to stratify patients for treatment.

3 Combination Chemotherapy

Given the low response rates to single chemotherapy agents, combinations of three to
four chemotherapy agents have been investigated in the treatment of advanced-stage
melanoma. A number of regimens have been investigated including combinations of
cisplatin, vinblastine or vindesine, and dacarbazine (CVD) and what is known as the
Dartmouth regimen (carmustine (BCNU), dacarbazine, cisplatin, and tamoxifen).
Initial excitement for these regimens was primarily due to the observed increased
response rates; however, follow-up studies incorporating multiple treatment centers
demonstrated response rates similar to those seen with single-agent dacarbazine.
Initial responses with CVD treatment demonstrated an overall response rate of 40 %,
almost double that seen with dacarbazine treatment [62]. A multicenter phase III trial
of CVD versus CVD plus interleukin-2 and interferon-α2b demonstrated a more
modest response rate for CVD of 21 % [6]. And, in a study evaluating the CVD
regimen setting as second-line chemotherapy, response rate in patients treated with
CVD was 9.6 % with the best responses being PRs [46].

The Dartmouth regimen was investigated in a number of clinical trials. Initial
trials included tamoxifen (TAM), but there was some concern of its side effects,
specifically increased incidence of deep venous thrombosis and PEs, despite the
increased overall response rates [70]. Further studies then compared the chemo-
therapy regimen alone contained within the Dartmouth regimen (carmustine
(BCNU), vindesine, and dacarbazine) versus chemotherapy plus TAM. McClay
et al. [70] demonstrated decreases in response rate in the absence of TAM, while
two phase III trials demonstrated no differences in response rates, PFS, and OS with
or without TAM added to chemotherapy [18, 86]. Margolin et al. [69] demonstrated
similar objective response rates for the Dartmouth regimen, 15 % (12/79; 95 % CI,
8–25 %) as seen with single-agent treatment with dacarbazine. Chapman et al. [15]
investigated the Dartmouth regimen versus the standard chemotherapy treatment,
dacarbazine, in a multicenter phase III clinical trial which demonstrated that there
were no differences in overall survival, although a nonsignificant increased tumor
response was noted in patients treated with the Dartmouth regimen. In total, no
long-term or survival benefits were observed with the Dartmouth regimen, and there
were significant, increased toxicities with this regimen, suggesting that it should not
replace dacarbazine as a standard chemotherapy regimen.

The combination chemotherapy regimen of bleomycin, vincristine, lomustine
(CCNU), and dacarbazine (BOLD) has also been investigated in the treatment of
advanced-stage melanoma. A multicenter phase II clinical trial investigated the use
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of BOLD plus IFN-α, evaluating the use of combination chemotherapy plus
immunotherapy. Forty-three patients with stage IV disease were enrolled on the
clinical trial with diverse disease characteristics, including nine patients with brain
metastases, and a 27 % response rate was observed, including one complete
response and ten partial responses [79]. Subset analysis in treatment-naïve patients
with brain metastases demonstrated a 40 % response rate [79]. A previous study had
demonstrated response rates of 62 % using BOLD plus IFN-α [80], which included
patients with both stage III and stage IV disease. Additionally, there was some
variations between studies using natural, leukocyte-derived IFN-α and recombinant
IFN-α. As such, Vuoristo et al. [94] investigated these two forms of IFN-α with
both DTIC and BOLD in a randomized phase III clinical trial. In this trial, no
significant differences in responses were observed between the four treatment arms
with response rates ranging from 8–24 % and median OS ranging 7.5 months–
11.1 months, with six complete responses observed with BOLD [94]. Although not
statistically significant, a trend toward increased responses with BOLD plus
recombinant IFN-α was observed and the BOLD regimen may have improved
responses in soft tissue and lung metastases [94]. However, BOLD regimen was
associated with increased toxicity.

Combinations of chemotherapy have been tested in patients with the intent of
identifying active agents which increase response rates. Combination therapies do
not appear to offer significant increases in response rates, PFS, or OS and have
increased side effects and toxicities, thereby leading to the lack of recommendations
for their use. Currently, the optimal chemotherapy regimen has not been identified,
although oncologists will have their own treatment preferences. Dacarbazine
remains the standard chemotherapy regimen approved for the treatment of meta-
static melanoma, although the combination of carboplatin and paclitaxel may also
be used in the treatment of advanced-stage melanoma in current practice.

3.1 Biochemotherapy

In addition to combinations of chemotherapeutic agents, much interest surrounded
the combination of chemotherapeutic agents with immunotherapy, referred to as
biochemotherapy. Interferon-α (IFN-α) and interleukin-2 (IL-2) had been widely
tested in advanced-stage melanoma with response rates ranging between 10–20 %
[59] and 15–20 % [22, 76], respectively, with complete responses observed in
approximately 5 % of patients treated with IL-2 [84]. As such, biochemotherapy
was tested in the treatment of melanoma, in the metastatic setting and as neoad-
juvant and adjuvant therapy in stage III disease. Initial studies demonstrated the
improved response rate of sequential biochemotherapy with CVD followed by
administration of IFN-α and IL-2 compared to alternating administration of CVD or
IFN-α and IL-2 every six weeks [60]. In patients treated sequentially, response rate
was 60 % compared to response rate of 33 % in patients treated in an alternating
regimen, and there was a trend toward increased survival (p = 0.06) [60]. Moreover,

Chemotherapy for Melanoma 219



increases in CRs and PRs were noted, with the sequential treatment resulting in
22.5 % CR and 37 % PR, while the alternating regimen resulted in 5 % CR and
27.5 % PR [60]. An increase in toxicities was observed, and although severe, they
were manageable. A phase III clinical trial of sequential biochemotherapy versus
chemotherapy confirmed this increase in response rate, although not to the same
degree, 48 % compared to 25 % (p = 0.001) in patients treated with biochemo-
therapy versus CVD, respectively, with a similar non-statistically significant trend
toward increased median OS [26]. However, a CR was only observed in 7 % of
patients.

Given the severe toxicities associated with biochemotherapy and need for spe-
cialized care, this regimen is given in a hospital setting and sequential therapy ends
up being around nine days, which is repeated every three weeks. Therefore, dif-
ferent regimens and dosing modifications were explored in order to deliver bi-
ochemotherapy concurrently and to try to reduce the length of hospital stays.
Uncontrolled and non-randomized phase I/II and phase II clinical trials of con-
current biochemotherapy demonstrated high objective response rates, with one
study demonstrating 64 % response rate and another demonstrating 48 % response
rate, with CR rates of 21 and 20 %, and median OS 11.8 months and 11 months,
respectively [61, 71]. Two multicenter randomized phase III clinical trials inves-
tigated the use of biochemotherapy compared to chemotherapy alone. In these
studies with increased number of patients, response rates with biochemotherapy
were more modest in comparison with the earlier studies. Bajetta et al. [6] dem-
onstrated a 33 % objective response rate, 4% CR, and median OS of 11 months in
patients treated with biochemotherapy compared to a 21 % objective response rate,
no CRs, and median OS of 12 months in patients treated with chemotherapy alone.
Similarly, Atkins et al. [4] reported a 19.5 and 13.5 % objective response rate
(p = 0.140) for patients treated with biochemotherapy and chemotherapy alone,
respectively. Differences in PFS, 4.8 months in the biochemotherapy arm and
2.9 months in the chemotherapy alone arm (p = 0.015) did not translate into
increases in overall survival with no differences observed in the two arms, nine
months and 8.7 months, respectively [4]. Other trials have been performed
substituting temozolomide for dacarbazine and altered forms and dosing of
IL-2 and IFN-α with no differences in responses and an approximately 20 %
response rate [36].

While initial trials of biochemotherapy were thought to be promising with
increased response rates, larger randomized clinical trials did not recapitulate these
responses and results. A meta-analysis attempted to evaluate results from eighteen
clinical trials evaluating biochemotherapy compared to chemotherapy alone, with
one major criteria being that they were randomized clinical trials [48]. The analysis
combined a number of trials, which had different chemotherapy backbones and with
either IFN-α alone or both IFN-α and IL-2 as the added immunotherapy agent.
Despite these differences, overall results demonstrated an improvement in responses
rates for patients treated with any type of biochemotherapy, compared to chemo-
therapy alone. Increases in PR (odds ratio (OR) = 0.66; 95 % CI, 0.53–0.82,
P = 0.0001), CR (OR = 0.50; 95 % CI, 0.35–0.73, P = 0.003), and overall response
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(OR = 0.59; 95 % CI, 0.49–0.72, P < 0.00001) were observed in all biochemo-
therapy arms, including those receiving chemotherapy plus IFN alone and che-
motherapy plus IFN and IL-2 [48]. Despite these responses, the benefits of
biochemotherapy did not translate into an overall survival benefit [48]. Overall,
biochemotherapy is associated with considerable toxicity including myelosup-
pression, nausea, vomiting, rash, hypotension, and fluid retention. Given the lack of
survival benefit which has been evaluated in a randomized clinical trial, along with
the toxicity, biochemotherapy is not the standard of care for patients with stage IV
melanoma.

3.2 Biochemotherapy in the Adjuvant Setting

In addition to treatment for advanced-stage disease, the use of biochemotherapy has
been evaluated in the neoadjuvant and adjuvant settings. Buzaid et al. [14] inves-
tigated the use of biochemotherapy in the neoadjuvant setting, for two to four
cycles, in a phase II trial in melanoma patients with local regional disease, stage III.
Overall pathological response in patients undergoing surgery was 50, 6.5 % path-
ological complete remission and 43.5 % with partial pathological response, with
44 % of patients demonstrating a partial clinical response to treatment with bi-
ochemotherapy in the adjuvant setting [14]. A multicenter phase II trial of treatment
with neoadjuvant biochemotherapy demonstrated a relapse-free survival (RFS) of
64 % and an OS of 78 %, with an overall response rate of 26 % [64]. Lewis et al.
[64] demonstrated a trend toward improved survival and decreased relapse in
patients who had a positive sentinel lymph node, as opposed to patients who
presented with clinically involved, palpable lymph nodes. In these studies, side
effects were increased, but manageable.

The only FDA-approved adjuvant therapy for melanoma is high-dose interferon-
α (IFN-α) [52, 54]. One randomized phase III study evaluated the use of bioche-
motherapy versus the standard adjuvant therapy IFN-α. A planned enrollment of
200 patients was stopped at 138 patients after a futility analysis was performed.
There was no difference in RFS or OS in patients treated with either of two different
IFN doses or with biochemotherapy [52]. A large cooperative group study also
sought to evaluate the use of biochemotherapy in the adjuvant setting in patients
with high-risk melanoma (defined as stage III disease, excluding N1a disease). Four
hundred and thirty-two patients were enrolled over a seven-year period (2000–
2007) and randomized to receive high-dose IFN for the standard treatment length of
one year versus biochemotherapy which is given once every three weeks for three
cycles (a total of nine weeks). Of the 402 evaluable patients who had at least six
years of follow-up, patients who received biochemotherapy had an improved RFS
(HR = 0.77; 90 % CI 0.62–0.96, P = 0.02) [34]. A median RFS of 4 years (90 % CI,
1.9–5.9) versus 1.9 years (90 % CI, 1.4–2.5) was observed for biochemotherapy
and high-dose IFN, respectively [34]. The 5-year RFS was 47 versus 39 % in the
biochemotherapy arm and high-dose IFN arm, respectively, and the 5-year OS was
56 % for both arms [34]. Moreover, increased toxicity was observed in the
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biochemotherapy arm compared to high-dose IFN. Despite these notable responses,
these did not translate into an overall survival benefit with no differences being
observed in OS between the two treatment arms [34]. However, this shorter
treatment course with biochemotherapy may be an alternative treatment option to
consider, compared to the standard year long course with high-dose IFN in select
patients.

4 Localized Use of Chemotherapy

Until this point, the discussion has focused on the use of systemic chemotherapy in
the treatment of advanced-stage melanoma. Under certain circumstances, admin-
istration of localized chemotherapy is desirable, in order to deliver high doses of
chemotherapy, which would otherwise be toxic if given in the systemic setting.
Indeed, in settings of disease recurrence that is unresectable and isolated to one
particular limb or with limb only in-transit disease, treating the affected limb allows
for the delivery of high doses of chemotherapy in order to treat local disease. Some
patients can achieve long-term remissions or prevent disease progression with these
approaches and should be considered when determining treatment options for
patients, in particular those with local regional disease and recurrences.

Isolated limb perfusion (ILP) was developed in the 1950s [19, 75, 90] to deliver
regional high-dose chemotherapy, but it is an invasive procedure. With ILP, the
major vessels (artery and vein) of the specified limb are isolated and cannulated,
and perfusion occurs using a bypass pump, and the application of a tourniquet
completes the limb isolation from the systemic circulation. Overall response rates
for ILP have been as high as 80 % with a CR rate of 54 % [75]. Hoekstra et al. [45]
evaluated melphalan ILP (M-ILP) versus melphalan plus TNF-α (TM-ILP) in
patients with low and high volume of disease. In 57 patients who underwent ILP,
the overall response rate was 90, 84 % in the M-ILP group, and 93 % in the
TM-ILP group, which included 45 % CR and 45 % PR [45]. The overall CR rate
was not different between the two chemotherapy arms; however, when burden of
disease was considered, low-volume disease treated with M-ILP demonstrated a
75 % CR, while high-volume disease treated with TM-ILP demonstrated a 41 % CR
(p = 0.038) [45]. In addition, younger patients were more likely to obtain CR than
older patients, 69 % CR in patients <65 years old versus 29 % CR in patients
≥65 years old (p = 0.003) [45]. Long-term local control has been observed with ILP
and development of metastatic disease ranged from two to 135 months [45].
Moreover, the absence of CR and stage IIIC disease was demonstrated to be
independent predictors for progression to systemic disease [45].

Isolated limb infusion (ILI) is a less invasive alternative to ILP, allowing for
delivery of high-dose chemotherapy to the limb but with a simpler procedure. ILI
was developed at the Sydney Melanoma Unit (now known as the Melanoma
Institute Australia) [35, 92] and involves percutaneous access to the major artery
and vein of the affected limb. This makes this procedure more tolerable and more
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easily repeated, if necessary. ILI is a less morbid procedure and has been shown to
have response rates similar to ILP. Kroon et al. [56] performed a review of literature
to ascertain experiences with ILI using melphalan plus actinomycin-D. In total,
seven studies were included for a total number of 576 patients. The collective
overall response rates for treatment with ILI with melphalan plus actinomycin-D
was 73 %, with 33 % CR, and 40 % PR [8, 17, 23, 56, 72, 97], which are similar to
responses seen with ILP [45, 75]. A prospective trial was conducted by Steinman
et al. which assessed tumor burden and response to ILI with melphalan and
actinomycin-D in melanoma patients, along with Merkel cell carcinoma and soft
tissue sarcoma patients. In melanoma patients, low tumor burden (defined as <10
lesions and no lesion >3 cm) was correlated with increased response rates, 48 %
CR, versus 9 % CR in patients with high tumor burden (defined as ≥10 lesions or a
lesion >3 cm) (p < 0.001), in addition to increased survival, with 5-year survival 69
versus 29 %, respectively [91]. Patients with CR had increased 5-year overall
survival of 91 % compared to 53 % in patients with PR (p = 0.042) [91], which is
similar to response rates observed in other ILI studies [7, 8, 57, 88]. A recent review
of an individual site experience reports similar response rates, overall response rate
of 70 % with 35 % CR and 35 % PR in patients undergoing ILI with melphalan and
actinomycin-D for limb localized melanoma, with some long-term responses of
eight and 10 years [35]. Overall, studies have demonstrated the decreased morbidity
of ILI along with tolerability of the procedure. Moreover, long-term responses and
delayed progression have been observed in the setting of palliative treatment.

For ILP or ILI, melphalan is the standard chemotherapy agent used, either alone
or in combination with agents such as actinomycin-D [75, 87] or tumor necrosis
factor α (TNF-α) [3, 45, 66, 75, 85]. Both procedures are performed in centers
highly trained in these procedures. Complications of the two procedures are similar
including redness and swelling, lymphedema, compartment syndrome, infection,
and thromboses, but ILI is generally associated with decreased limb complications
[90]. Furthermore, fibrosis of major blood vessels and surrounding tissue following
dissection and cannulization can be seen after ILP, making repeat procedures dif-
ficult, although these still occur [55]. Similar response rates have been observed
with both procedures and therefore suggest that ILI is an acceptable alternative, as it
is a less invasive procedure, especially in a situation where patients would other-
wise not be able to tolerate an ILP procedure. These procedures are applicable to a
limited number of patients and provide disease palliation and stabilization, with
some long-term results. As such, ILP and ILI should be considered as treatment
options for select patients.

5 Conclusions

The progress made in treatment options for advanced-stage melanoma over the
recent years has transformed patient outcomes. However, despite the increased
overall survival observed with treatment with ipilimumab and BRAF inhibitors,
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some patients have treatment refractory disease, develop treatment resistant disease,
or experience disease relapse. Although new treatment options continue to be
developed, it is sometimes necessary to rely on second- or third-line treatment
options, including chemotherapy. Although no longer considered first-line therapy,
chemotherapy still has a role in the treatment of melanoma, certainly in the palli-
ative setting.

For a long time, dacarbazine had been the standard chemotherapy agent used in
the treatment of melanoma. Temozolomide, an oral equivalent of dacarbazine, is
frequently used as an alternative, particularly in the setting of CNS disease
involvement, as temozolomide is able to cross the blood–brain barrier. More
recently, the chemotherapy doublet carboplatin and paclitaxel has also demon-
strated activity in the treatment of advanced-stage melanoma. Investigation of
different chemotherapy combinations, alone or in combination with a variety of
immunotherapies, has not provided improved therapeutic options. In addition, some
clinical trials have also demonstrated the potential use of biochemotherapy in the
adjuvant setting. Since biochemotherapy has increased side effects, this should only
be considered in certain high-risk patients. Furthermore, localized therapy with ILP
or ILI has produced long-term palliation of localized disease. Though no overall
survival benefit has been demonstrated with chemotherapy, chemotherapy offers
palliative treatment options for patients, especially if rapid tumor responses are
needed, and provides patients with additional alternative treatment options.
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Abstract
Immunotherapy with immune checkpoint inhibition has been improving the
outcomes of patients with many different types of malignancies. Immune
checkpoint inhibition has been most extensively studied in patients with
advanced melanoma and there are three FDA approved antibodies already
widely used in clinical practice (ipilimumab, nivolumab, and pembrolizumab).
In this chapter, we review the mechanistic basis behind the development of
immune checkpoint blocking antibodies. We then discuss specifics regarding
each agent, unique clinical considerations in treating patients with this approach,
and future directions, including combination strategies. This chapter is focused
on melanoma, but the principles related to this immunotherapy approach are
applicable to patients with many types of malignancies.
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1 Introduction

Melanoma is a challenging malignancy due to the associated high risk of recurrence
after treatment of the primary tumor and often aggressive disease course in
advanced stages. Chemotherapy regimens can benefit some patients with mela-
noma, but none have led to an improvement in overall survival. For this reason,
additional treatment modalities have been of interest. Among the various systemic
treatments for melanoma, immunotherapy remains an essential component.

This chapter is focused on the utilization of checkpoint blockading antibodies, a
novel immunotherapeutic approach, to treat unresectable and metastatic melanoma.
We discuss the preclinical rationale that led to the development of these antibodies
and then review clinical experiences involving cytotoxic T lymphocyte-associated
antigen (CTLA-4) and programmed cell death 1 (PD-1) receptor antibodies. We
conclude with comments on promising new combination approaches.
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2 Cytotoxic T Lymphocyte-Associated Antigen
(CTLA-4) Blockade—Basic Biology
and Pre-clinical Activity

Cytotoxic T lymphocyte-associated antigen (CTLA-4) is an important negative
regulator or “checkpoint” in T cell activation [1–4]. CTLA-4 is expressed on
activated T cells and binds to its ligands B7-1 and B7-2, which are expressed on
antigen presenting cells [5]. CTLA-4 appears to compete with the co-stimulatory
molecule, CD28, for binding to B7-1 and B7-2 [2, 6]. In addition, CTLA-4
engagement inhibits T cell cytokine production and proliferation [2, 4, 7–9]. The
phenotype of CTLA-4-/- knockout mice supports the negative regulatory function
for CTLA-4 in vivo. These mice develop a lethal hyperproliferative lymphocyte
expansion and fail to live past 3 weeks [10–12].

Given the role the CTLA-4 plays as a negative regulator of T cell activation, it
was hypothesized that blocking CTLA-4 could enhance immune responses against
tumors by inhibiting this “checkpoint” [13]. This idea was initially tested using
transplantable murine tumor lines of colon carcinoma and fibrosarcoma, where it
was demonstrated that established tumors could be rejected by administration of a
CTLA-4 blocking antibody [14–18]. This observation has since been validated in a
variety of pre-clinical mouse models including models of melanoma [14–18]. In
addition to being expressed on activated T cells, CTLA-4 is also highly expressed
on regulatory T cells. It has been hypothesized that CTLA-4 blockade may also
work, in part, via its effects on regulatory T cells [19–21]. CTLA-4 blockade has
also shown activity in pre-clinical models in combination with established cancer
therapies including radiation therapy, chemotherapy, surgery, cryoablation, and
radiofrequency ablation [22–26]. In mouse models, this approach has also been
combined successfully with a number of potential immunotherapies, including
notable preclinical activity for the combination of CTLA-4 and PD-1 pathway
blockade [27–37].

3 CTLA-4 Blocking Antibodies

Two antibodies that block human CTLA-4 have been developed and tested in
patients: ipilimumab (Bristol Myers-Squibb, Princeton, NJ, USA) and tremeli-
mumab (previously Pfizer, New York, NY and now Medimmune, Inc, Gaithers-
burg, MD). Ipilimumab is a fully human monoclonal IgG1 kappa antibody with a
half-life of 12–14 days. Tremelimumab is a fully human monoclonal IgG2 antibody
with a half-life of approximately 22 days. Ipilimumab has been approved by the
FDA for the treatment of advanced melanoma. Tremelimumab is still in clinical
development.
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4 Ipilimumab—Clinical Development and FDA
Approval

In March 2011, ipilimumab was approved for the treatment of unresectable or
metastatic melanoma by the United States Food and Drug Administration (FDA).
The clinical journey to FDA approval was just beginning in 2002, when some of the
first evidence for clinical activity for ipilimumab in melanoma was published
beginning with a phase I, single-dose study reporting two partial responses (PR) out
of 17 patients with advanced melanoma [38]. The next several studies explored
questions of schedule and dosing for this new agent. In several of these studies,
ipilimumab was dosed once every three weeks for up to four doses. In these
multi-dose studies, clinical investigators reported their first experiences with a
unique toxicity profile for this new class of agents. Toxicities appeared to reflect a
pattern of drug-induced, tissue-specific inflammation and were labeled
immune-related adverse events (irAE). In a double-blind phase II study comparing
ipilimumab at doses of 0.3, 3, and 10 mg/kg, a dose–response relationship was
observed [39]. The highest dose level, 10 mg/kg, had the highest response rate
(11 %), compared to 3 mg/kg (4.2 %), and 0.3 mg/kg (0 %). As might be antici-
pated, the rate of irAEs was also higher with the higher ipilimumab dose.

Finally, a randomized phase III trial for patients with previously treated, unre-
sectable stage III or stage IV melanoma was reported by Hodi et al. [40]. This study
demonstrated a benefit in overall survival and ipilimumab was subsequently granted
FDA approval [40]. In this study, patients were randomized in a 3:1:1 ratio to be
treated with ipilimumab with a peptide vaccine, ipilimumab alone, or the peptide
vaccine alone as the control arm. The peptide vaccine consisted of two
HLA-A*0201-restricted peptides from gp100 (a melanosomal antigen) emulsified
in Montanide. Ipilimumab was dosed at 3 mg/kg. Overall survival was the primary
endpoint of the study which reported that patients treated with ipilimumab plus
vaccine (10.0 months) or ipilimumab alone (10.1 months) had a longer median
survival than patients who received peptide vaccine alone (6.4 months). Further-
more, landmark survival at 1 or 2 years was higher in the ipilimumab-treated group
versus the vaccine-treated group (45.6 % vs. 25.3 % at one year, 23.8 % vs. 16.3 %
at 2 years), a finding that is especially notable since most patients completed
treatment with ipilimumab within the first 3 months on study. A second phase III
trial reported by Robert et al. confirmed this survival benefit. This randomized,
placebo-controlled study compared ipilimumab at a dose of 10 mg/kg combined
with dacarbazine chemotherapy to dacarbazine alone in patients with advanced
melanoma [41]. Highlighting the long-term survival benefit to receiving ipilimumab
in this population, a survival advantage was observed at 1 year (47.3 % vs. 36.3 %),
2 years (28.5 % vs. 17.9 %), and 3 years (20.8 % vs. 12.2 %) after initial treatment.
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5 Kinetics of Tumor Response and Re-evaluation
of Traditional Radiographic Response
Endpoints

Early studies of CTLA-4 blockade suggested that patterns of radiographic response
to this immunotherapy may differ from those previously described for standard
chemotherapy. Patients who responded to ipilimumab after initial development of a
new lesion or after progression of all measurable disease challenged the notions of
what had previously been observed and expected for other types of cancer thera-
pies. According to standard radiographic criteria such as RECIST or mWHO,
increase in tumor size and/or development of new lesions is defined as progressive
disease, typically suggesting that a change in therapy should be considered.

A retrospective review of radiographic responses in 487 patients enrolled in one
of three multicenter phase II clinical trials of ipilimumab was undertaken to further
investigate these observations [42]. In this analysis, four unique radiographic pat-
terns associated with favorable clinical outcomes were observed and captured:
(1) decrease in baseline lesions without new lesions (classical response); (2) durable
stable disease; (3) initial increase in total tumor burden with later response (flare);
and (4) reduction in size of baseline lesions concurrent with the growth of new
lesions (mixed pattern). Importantly, each of these patterns correlated with survival
—i.e., patients who had a survival benefit and would have been overlooked by
traditional criteria (patterns 3 and 4) were detected by the criteria developed in this
analysis. Thus, the immune-related response criteria (irRC) were proposed as novel
radiographic criteria to evaluate the clinical benefit of checkpoint blockade. At
present, we await prospective validation of this approach.

6 Dosing and Schedule

The FDA-approved schedule for ipilimumab is one dose every three weeks for up
to four doses. Some studies of ipilimumab permitted repeating treatment with
ipilimumab (reinduction) in patients who progressed after an initial response
according to the original four-dose schedule. The phase III study of ipilimumab led
by Hodi et al. provided modest data to suggest that reinduction benefits selected
patients [43]. Of the 504 randomized to receive ipilimumab or ipilimumab plus
vaccine, there were 31 patients who developed disease progression after an initial
confirmed PR, complete response (CR), or at least 3 months of stable disease
(SD) and then were offered reinduction. Of these selected patients who received
reinduction during this time of disease progression, 21 appeared to subsequently
benefit with 1 CR, 5 PRs, and 15 with SD. In other trials, additional (maintenance)
doses of ipilimumab were administered every three months after the initial four
doses. The benefit of continued (maintenance) dosing is unknown.
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A maximum tolerated dose for ipilimumab was not identified in the original
phase I studies. In a randomized, double-blinded phase II study comparing ipili-
mumab at three dose levels, 0.3, 3, and 10 mg/kg, the highest dose level achieved
the highest response rate. Importantly, this higher response rate (0 % vs. 4.2 % vs.
11.1 %) must be considered in light of the increased rate of Grade 3/4 irAEs (0 %
vs. 7 % vs. 25 %). A phase III study evaluating ipilimumab dosed at 10 mg/kg
versus 3 mg/kg is expected to be reported soon.

7 Side Effects Associated with CTLA-4 Blocking
Antibodies

With the exploration of the clinical activity for CTLA-4 blocking antibody came the
discovery of a novel pattern of side effects not previously seen with chemothera-
pies, specifically a unique distribution of tissue-specific inflammation. The term
immune-related adverse events (irAEs) has been employed to describe these toxi-
cities which are thought to reflect the activation of the immune system consistent
with the proposed mechanism of activity of ipilimumab. The tissues that are most
often affected are the bowel (diarrhea, colitis), the liver (hepatitis, elevated liver
enzymes), and the pituitary and other endocrine glands (hypophysitis, hypothy-
roidism, thyroiditis, adrenal insufficiency) and skin (rash, pruritus, vitiligo) [43].
Uncommon, but reported irAEs include uveitis, conjunctivitis, pancreatitis,
cytopenias, neuropathy, myopathy, pneumonitis, and nephritis [44–48]. IrAEs are
usually ameliorated with interruption or discontinuation of CTLA-4 blockade in
combination with immunosuppressive drugs. Drugs that have been most helpful for
the treatment of irAEs are corticosteroids; more rarely, TNF-blocking antibodies
(for colitis) or mycophenolate mofetil (for hepatitis) or other approaches have been
employed [49, 50]. For some patients that develop endocrinopathies, irreversible
damage to endocrine organs during the acute period of inflammation may neces-
sitate long-term hormone supplementation [51–53]. Guidelines for the management
of individual toxicities are available [54]. Given the concern for immune-related
toxicities, clinical trials of ipilimumab have generally excluded patients with
pre-existing autoimmune conditions and the safety of ipilimumab in this patient
population is not known. Some case reports have suggested ipilimumab has not
exacerbated patients’ underlying autoimmune diseases, but others have indicated
this may be possible [55, 56].

8 Investigating Biomarkers for CTLA-4 Blockade

Research investigations into immunological parameters that may provide insight
into the activity of checkpoint blockade have been incorporated into many of the
clinical trials of ipilimumab; however, no clear biomarkers that predict response to
therapy or likelihood of toxicity have been identified to date. The majority of
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potential biomarkers have been identified in small, retrospective analyses and have
been hypothesis generating.

Several early studies of ipilimumab singled out the absolute lymphocyte count
(ALC) as a marker of interest. Several subsequent retrospective analyses have
linked higher ALC during treatment, either using a cutoff or measuring the rate of
rise, with more favorable clinical outcomes [57, 58]. However, ALC prior to ini-
tiation of treatment has not been established as a predictive biomarker.
Antigen-specific immune responses during checkpoint blockade have also been
investigated for a number of cancer-related antigens. Immune responses to
NY-ESO-1, a cancer-testis antigen, have been the most closely evaluated. In a
single institution retrospective analysis of 15 melanoma patients treated with ipil-
imumab, 5/8 (62.5 %) patients with tumor reduction or stabilization had developed
NY-ESO-1 antibodies [59]. This connection between tumor antigen and clinical
outcome was also described in a larger, retrospective study of 144 patients with
melanoma where NY-ESO-1 seropositive patients were more likely to have a CR,
PR, or prolonged SD after ipilimumab treatment [60].

Inducible costimulator (ICOS) is a costimulatory molecule expressed on acti-
vated T cells. It is thought to be involved in T cell proliferation, survival, and
memory [61]. ICOS expression has been hypothesized to be biomarker for clinical
activity in patients treated with ipilimumab. The first studies supporting a corre-
lation between ICOS expression and anti-tumor activity came from the analysis of
tumor and peripheral blood T cells in patients with bladder cancer treated with
neoadjuvant ipilimumab [62]. In a subsequent retrospective analysis of patients
with advanced melanoma treated with ipilimumab, a higher frequency of peripheral
blood CD4+ICOShigh T cells, sustained over 12 week’s time, correlated positively
with increased overall survival [63].

The tumor microenvironment plays in modulating anti-tumor immune responses
and the tumor/tumor microenvironment may be a more relevant place to evaluate
potential biomarkers. In a prospective phase II study of patients with melanoma
treated with ipilimumab, utilizing gene expression profiling, expression of
immune-related genes in pre-treatment tumor biopsy specimens, especially interferon
gamma responsive genes, correlated positively with clinical activity [64, 65]. In a
more recent retrospective study of tumor characteristics, the number and character of
tumor mutations, potentially neo-antigens recognized by the immune system, corre-
lated with the clinical outcomes in patients treated with ipilimumab [66].

9 Programmed Cell Death Protein 1 (PD-1) Pathway
Blockade—Preclinical Rationale and Clinical
Efficacy

Targeting CTLA-4 was the first immune checkpoint strategy that demonstrated
success for patients with advanced melanoma. However, due to high clinical effi-
cacy and excellent tolerability, much recent attention has been directed toward
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strategies that block another immunologic checkpoint, the programmed cell protein
1 pathway (PD-1/PD-L1). PD-1 is a negative regulator of T cell activity that limits
the activity of T cells at a variety of stages of the immune response when it interacts
with its two ligands PD-L1 and PD-L2 [67–69]. When engaged by ligand, through
phosphatase activity, PD-1 inhibits kinase signaling pathways that normally lead to
T cell activation [68]. This T cell proliferation activates the immune system. It is
interesting to note that PD-1, like CTLA-4, is also expressed on Tregs and may
enhance their immunosuppressive function as well [70]. The phenotype of
PD-1-deficient mice characterized by autoimmune features such as dilated car-
diomyopathy and arthritis differs from mice deficient in CTLA-4 [71, 72]. While
the specific reasons for this are not known, it is possible that this is because PD-1 is
primarily believed to inhibit effector T cell activity in the effector phase within
tissue and tumors as opposed to the predominantly earlier role CTLA-4 plays in
limiting T cell activation [73]. Since PD-1 is expressed on B cells and natural killer
cells, therapeutic blockade of the PD-1 pathway may also affect the biology of these
cell types [73, 74].

Antibodies that block the PD-1 axis are undergoing extensive clinical evaluation.
Antibodies include those that target PD-1 (Nivolumab, Bristol-Myers Squibb;
Pembrolizumab, Merck; Pidilizumab, CureTech) and those that target PD-L1
(MPDL3280A, Genentech; MEDI4736, MedImmune/AstraZeneca; BMS-936559,
Bristol-Myers Squibb; MSB0010718C, EMD Serono). AMP-224
(Amplimmune/GlaxoSmithKline) is a PD-L2 fusion protein that does not directly
target PD-1 or PD-L1, but instead is believed to deplete PD-1+ T cells [75]. While
these immunotherapeutic approaches are being investigated in many diseases, data
are most mature for patients with advanced melanoma, and two agents, pem-
brolizumab and nivolumab, are already approved by the United States Food and
Drug Administration (US FDA).

Large phase I studies of nivolumab and pembrolizumab have demonstrated
highly durable objective response rates (*30–40 %) with minimal toxicity
involving patients with advanced melanoma [76–78]. The durability of PD-1
responses is also impressive with a median duration of response of nivolumab
lasting approximately 2 years [78]. Randomized phase III data have demonstrated a
superior response rate for nivolumab compared to dacarbazine and also found an
overall survival benefit in favor of nivolumab in a population of patients with
BRAF wild-type melanoma [79].

Pembrolizumab is believed to have similar efficacy to nivolumab, demonstrating
impressive tumor responses. In September 2014, pembrolizumab was approved by
the US FDA for patients with melanoma previously treated with ipilimumab and if
relevant, a BRAF inhibitor [80]. This approval was based upon favorable results in
a phase I randomized dose finding study [80]. No difference in efficacy or safety
was seen in patients with melanoma treated with pembrolizumab 2 mg/kg every
3 weeks versus 10 mg/kg every 3 weeks, leading the FDA to approve
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pembrolizumab at the dose of 2 mg/kg every 3 weeks. Though the FDA has
approved pembrolizumab for patients previously treated with ipilimumab and if
relevant, a BRAF inhibitor, efficacy of pembrolizumab appears similar for patients
with melanoma who have not had prior ipilimumab or RAF inhibition [77]. Large
randomized studies comparing pembrolizumab to ipilimumab in the frontline set-
ting and to chemotherapy in the second line setting after ipilimumab are ongoing.

While nivolumab and pembrolizumab have been most extensively evaluated,
other PD-1/PD-L1 blockade approaches have included patients with melanoma.
The PD-1 blocking antibody, pidilizumab was evaluated in a phase II study
involving patients with melanoma. The response rate was low, but the overall
survival in this study was favorable compared to historical data [81]. The dis-
crepancy between the low response rate and improved overall survival compared to
historical controls may have been due to patients with SD, but this remains spec-
ulative. Patients treated with pidilizumab in this trial had 75 % M1c disease, 16 %
had brain metastases, 30 % had an elevated LDH, and 77 % had received prior
systemic treatment for melanoma. It appears unlikely that selection bias alone
accounted for the favorable overall survival seen in this study. Due to the overall
low response rate of pidilizumab monotherapy, future studies will likely investigate
this agent in combination with other approaches.

While targeting PD-L1 is a similarly promising approach, fewer patients with
melanoma have been treated with antibodies that block PD-L1. In concept, tar-
geting PD-L1 may result in different immunologic effects than targeting PD-1.
PD-L1 also exerts negative signals on T cells by interacting with B7; in addition to
the negative signals, PD-L1 creates by interacting with PD-1 [82]. While PD-L1
blocking antibodies prevent the interaction of PD-L1 with B7, PD-1 blocking
antibodies, such as the previously described nivolumab, pembrolizumab, and
pidilizumab, do not. Antibodies that block PD-L1 also do not prevent PD-1 from
interacting with PD-L2. The importance of the PD-L2 and PD-1 interaction in
antitumor activity remains unknown.

BMS-956559 was the first PD-L1 antibody to show objective tumor responses in
patients with melanoma [83]. MPDL3280A, MEDI4736, and MSB0010718C are
also undergoing clinical evaluation are similarly promising approaches [84–87]. It
is possible that the role of these PD-L1 blocking antibodies in patients with mel-
anoma may ultimately be as a component of combination strategies such as in
partnership with dabrafenib and trametinib or vemurafenib and cobimetinib for
patients with BRAF mutant melanoma.

10 Re-evaluating the Immune-Related Response
Criteria (irRC) in the PD-1 Era

As described previously in this chapter, responses to CTLA-4 antibody blockade
can often be delayed [88]. This has led to the development of the alternative
response criteria termed the “immune-related response criteria (irRC)” [89, 90].
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Most of the presented and published trials of PD-1/PD-L1 blockade in melanoma
have reported data using traditional response criteria such as the Response Evalu-
ation Criteria in Solid Tumors (RECIST) methodology. The use of the irRC has
been more limited. Nevertheless, some patients that were treated with PD-1 agents
have similarly shown “immune-related” patterns of response [76, 77]. In the phase
III nivolumab versus dacarbazine study, there was an increased survival benefit
with nivolumab, a PD1 blocking agent, compared to dacarbazine chemotherapy.
Also, some patients appeared to benefit in unconventional ways such as 54 patients
that were treated with nivolumab after progression of disease and 17 had an
immune-related response pattern [79].

Though these delayed or atypical responses to PD-1/PD-L1 can be seen, they are
less common and most patients with increasing tumor burdens while on PD-1
unfortunately continue to progress. Out of 192 patients treated with pem-
brolizumab, approximately 10 % of patients who had progressed by RECIST at
week 12 subsequently achieved some benefit from pembrolizumab therapy (re-
sponse or SD) [91]. In phase III evaluation of nivolumab versus chemotherapy, 10
out of 120 patients (8 %) who received nivolumab had atypical irRC responses [92].

The irRC will likely continue to be modified as additional data accumulate.
Since irRC had initially developed from the bidirectional modified World Health
Organization (mWHO) criteria, efforts have proposed a unidimensional irRC to be
more consistent with the commonly used RECIST unidimensional measurements
[93]. Randomized trials evaluating the irRC in both PD-1/PD-L1 experimental arms
and chemotherapy control arms will ultimately be necessary to determine whether
irRC is more effective at capturing efficacy of immunotherapy compared to the
standard mWHO and RECIST.

11 Side Effects (irAEs) of PD-1

Despite the profound benefits of PD-1/PD-L1 blocking antibodies, unfortunately
side effects can occur. The spectrum and frequency of side effects with PD-1/PD-L1
is somewhat distinct from that of CTLA-4, but early recognition and treatment are
believed to be equally important in optimal outcomes. The most common irAE is
skin toxicity. Perhaps more specific to the PD-1 experience, mucositis and/or
complaints of dry mouth have been reported [78]. Treatment for skin irAEs from
PD-1/PD-L1 antibodies is similar to that blocking CTLA-4 consisting of topical
corticosteroids and antipruritics (i.e., hydroxyzine and diphenhydramine). Occa-
sionally, oral corticosteroid rinses and lidocaine have helped patients with
mucositis. Severe diarrhea and transaminitis are fortunately less common with
antibodies that block PD-1/PD-L1 compared to those that block CTLA-4. Yet,
grade 3/4 toxicity can still occur and merits treatment with steroids [76, 77]. It is
essential to note that infliximab can be helpful for steroid refractory cases of
diarrhea, but it should not be used in patients with steroid refractory hepatitis out of
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concern infliximab itself could result in hepatic toxicity. Mycophenolate mofetil
(500 mg twice daily) can sometimes help cases of steroid refractory hepatitis.

The rate of less common irAEs such as endocrinopathy after PD-1 blockade is
not completely known but has been reported to affect a small proportion of patients
with melanoma in some of the reported trials. The treatment of endocrinopathy
from PD-1 blockade is similar to the treatment of endocrinopathy arising from
CTLA-4 blockade. Often a short course of steroids is needed to palliate symp-
toms. Then, replacement hormones are administered, depending on the deficient
hormone (levothyroxine for hypothyroidism; hydrocortisone for adrenal insuffi-
ciency; gonadal hormone replacement for sex hormone deficiency). Other rare
irAEs such as pneumonitis have been described. Pneumonitis is notable since
treatment-related deaths have been unfortunately experienced [76].

12 PD-L1 as a Biomarker for PD-1/PD-L1 Outcomes
in Patients with Melanoma

PD-1/PD-L1 treatment would ideally be matched to patients with melanoma who
are most likely to benefit and least likely to experience side effects. The majority of
biomarker efforts have investigated immunohistochemical expression of PD-L1 and
its association with response. Though patients whose tumors express PD-L1 have
numerically higher response rates to PD-1/PD-L1 blockade than patients who do
not express PD-L1 [76, 94, 95], patients who do not express PD-L1 can still have
great responses to PD-1 blockade. No difference in overall survival between PD-L1
positive versus PD-L1 negative patients was seen in a randomized phase III study of
nivolumab compared to chemotherapy. PD-L1 negative patients also had improved
overall survival compared to chemotherapy, indicating PD-L1 is not a predictive
biomarker of PD-1 benefit. We therefore do not believe PD-L1 should be used to
exclude a patient from the opportunity to benefit from a PD-1/PD-L1 antibody.
Infiltrating immune cells as well as possibly genetic changes within the tumor can
also affect PD-L1 expression, and additional research into the mechanisms involved
in PD-L1 expression is warranted [96–98].

13 Combination Immunotherapy Approaches

The concurrent combination of ipilimumab and nivolumab was tested in a phase I
dose-escalation study which was notable for objective response rate averaging 40 %
(ranging from 21 to 53 %, n = 52) across all dose levels tested [99]. While
cross-study comparisons should be approached with caution, previously reported
response rates for monotherapy treatment with either ipilimumab or nivolumab
were 11 and 31 %, respectively [43, 76, 100]. Furthermore, patients responding to
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the combination of ipilimumab and nivolumab appeared to have a relatively rapid
response and a greater magnitude in reduction of tumor burden than typically
expected for checkpoint blockade. Among responding patients, there was a very
high rate of CRs or near CRs with 31 % of the patients showing a reduction in
disease burden of 80 % or greater. As might be expected, the frequency of irAEs
and the number of patients with multiple irAEs was higher than previously
described for either monotherapy. Among all patients who received the concurrent
combination, 93 % had a treatment-related toxicity of any grade and 53 % had a
grade 3/4 toxicity attributed to treatment. At present, a phase II study comparing the
combination to ipilimumab alone and a phase III study comparing the combination
to either ipilimumab or nivolumab monotherapy are ongoing.

Many other potential immunotherapy combination approaches are presently
under investigation including combinations of CTLA-4 or PD-1 pathway blockade
with IL-2 as well as other novel immunotherapy agents in development. A ran-
domized phase 2 study of ipilimumab combined with GM-CSF compared to ipil-
imumab alone suggested a longer overall survival and lower toxicity with the
combination, meriting further investigation [101].

14 Combination Approaches with Chemotherapy

While a randomized 72-patient phase II study comparing ipilimumab (3 mg/kg)
combined with dacarbazine to ipilimumab alone reported a higher objective
response rate for the combination (14.3 % vs. 5.4 %), this finding has not been
formally tested in larger studies. The phase III trial comparing ipilimumab
(10 mg/kg) combined with dacarbazine compared to dacarbazine alone did not
include an arm with ipilimumab alone and used the higher 10 mg/kg dose of
ipilimumab [41]. In this study, the response rate in the combination arm was
15.2 %. In both of these studies, response rates for the combination were very close
to the range of response rates previously reported for ipilimumab monotherapy.
Additionally, the combination of ipilimumab at a dose of 10 mg/kg and dacarbazine
had a rate of grade 3/4 irAEs of >40 % which appears to be significantly higher than
previously reported for ipilimumab (10 mg/kg) alone (*25 %) [39]. As a conse-
quence, ipilimumab combined with dacarbazine chemotherapy has not been
adopted in clinical practice.

15 Combination Approaches with Targeted Inhibitors

For patients with BRAF mutant melanoma, targeted inhibitors of BRAF (vemu-
rafenib, dabrafenib) and MEK (trametinib) have been approved by the FDA and
incorporated into standard clinical practice. The potential for combining these
targeted inhibitors with ipilimumab appeared attractive given their unique
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mechanisms of action. The first study testing the concomitant combination of
ipilimumab and vemurafenib unfortunately encountered dose-limiting hepatotoxi-
city, limiting the clinical potential for this combination at the dose/schedule
explored thus far [102]. However, a recent report at ASCO describing a phase 1
study combining the BRAF inhibitor dabrafenib with ipilimumab did not find
hepatic DLTs in the 12 patients evaluated on study and only 1 case of grade 3
transaminitis that responded after 1 week of treatment with steroids [103]. Addi-
tionally, studies combining BRAF inhibition with PD-1 pathway blockade are
ongoing. The potential for combined checkpoint blockade and targeted BRAF
inhibition is as of yet unclear.

16 Combination Approaches with Radiotherapy

As described in a comprehensive review by Formenti and Demaria, radiotherapy
may lead to a number of potentially favorable immunologic effects [104]. In murine
models, radiotherapy has been shown to enhance the efficacy of CTLA-4 and PD-1
blockade [24, 105, 106]. Though a variety of trials are ongoing, no randomized
prospective data have yet shown that radiotherapy adds to the clinical efficacy of
immunotherapy for patients with melanoma. Nevertheless, anecdotal reports in
patients treated with CTLA-4 blockade and radiotherapy show that intriguing
responses have been seen and the approach is generally safe [107–110]. In a phase I
study involving patients with melanoma, IL-2 was administered in combination
with radiotherapy, and a high response rate was seen, justifying further study in
randomized trials [111]. No clinical data for PD-1 in combination with radiotherapy
are yet available but the combination similarly remains an area of active research
(Tables 1 and 2).

Table 1 Checkpoint blocking antibodies in clinical development

Antibody afusion protein Target Isotype Clinical development

Ipilimumab (BMS) CTLA-4 IgG1 FDA approved

Tremelimumab (Pfizer, Medimmune) CTLA-4 IgG2 Phase 3 completed

Nivolumab/BMS-936558/MDX1106 (BMS) PD-1 IgG4 Phase 3 completed

Pidilizumab (CureTech) PD-1 IgG1 Phase 2 completed

Pembrolizumab (Merck) PD-1 IgG4 FDA approved

AMP-225a (Amplimmune) PD-1 NA Phase 1

BMS-936559/MDX-1105 (BMS) PD-L1 IgG4 Phase 1

MEDI4736 (MedImmune/AstraZeneca) PD-L1 IgG1 Phase 1 completed

MPDL3280A/RG7446 (Genentech/Roche) PD-L1 IgG1 Phase 1 completed

Modified from Callahan et al. [107]
aFusion protein
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Abstract
Vemurafenib and dabrafenib, two potent tyrosine kinase inhibitors (TKIs) of the
BRAFV600E kinase, are highly effective in the treatment of a BRAFV600-mutant
metastatic melanoma. These are selective type I inhibitors (functional against the
active conformation of the kinase) of the RAF kinases, which are key players in
the mitogen-activated protein kinase (MAPK) pathway. BRAFV600 mutations are
present in approximately 7 % of all cancers, including high frequencies of
mutations reported in 50 % of advanced melanomas and 100 % of hairy cell
leukemias. As with most targeted therapies, resistance to BRAF inhibitors is an
issue, and mechanisms of resistance are varied. Combining BRAF inhibitors
with MEK inhibitors such as trametinib delays the development of resistance.
Rationally combining targeted therapies to address the mechanism of resistance
or combining BRAF inhibitors with other effective therapies such as
immunotherapy may result in further improvement in outcomes for patients.
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1 Current Treatment Options for Advanced or Metastatic
Melanoma

Until recently, there was a dearth of effective treatments for surgically unresectable
or metastatic melanoma. At best, cytotoxic chemotherapy such as dacarbazine
yields a response rate of approximately ten percent. Similar response rates are seen
with immunotherapies, such as interleukin-2 (IL-2), but these responses may be
extremely durable. Neither chemotherapy nor IL-2 clearly results in improved
overall survival (OS), however [1–3].

The outlook for patients with advanced melanoma significantly brightened with
the identification of specific BRAF and MEK inhibitors and immune modulating
antibodies as effective therapies for this disease. Ipilimumab, a cytotoxic
T-lymphocyte antigen (CTLA4) blocking antibody, was approved for the treatment
of metastatic melanoma. Responses to ipilimumab are on the approximately 10–
15 %. Unlike the aforementioned agents, ipilimumab does improve median OS
compared to the control arms in randomized clinical trials [4, 5]. In September
2014, the programmed death-1 (PD-1) blocking antibody pembrolizumab
(MK-3475, Merck) was FDA-approved for metastatic melanoma that has pro-
gressed on ipilimumab and BRAF inhibitors (if BRAF mutated). Pembrolizumab
has an overall response rate (ORR) of 24 % with many of these responses ongoing
for six months or longer [6]. In all, there have been 6 FDA-approved therapies for
the treatment of patients with metastatic melanoma since 2011.

High response rates for BRAFV600-mutant metastatic melanoma are seen with the
type 1 BRAF inhibitors vemurafenib (formerly PLX4032) and dabrafenib (formerly
GSK2118436) [7–11]. Unfortunately, though initial responses to these agents are
impressive, progression free survival (PFS) is approximately 6–7 months. Com-
bining BRAF inhibition with MEK inhibition results in improved PFS compared to
BRAF inhibition alone [12–14]. However, not all melanomas express the mutated
BRAF protein, and not all melanomas with mutant BRAF are responsive to these
targeted therapies. Thus, effective therapies that address both de novo and acquired
resistance to BRAF and MEK inhibitors remain a subject of active research.
Understanding the biology of melanoma will be the key in identifying strategies to
address resistance to therapy.
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2 Targeting the MAPK Pathway in Melanoma

BRAF is a serine–threonine protein kinase belonging to the RAF family of kinases,
which is part of the MAPK signaling pathway. Under normal signaling conditions,
binding of a growth factor to a RTK such as c-KIT activates RAS which then
activates the RAF kinases. There are 3 identified RAF kinases: ARAF, BRAF, and
CRAF. RAF activation in turn phosphorylates MEK, leading to activation of ERK
and subsequent phosphorylation of various targets that result in cell proliferation
and other key biologic processes (Fig. 1). Dysregulation of the MAPK pathway is a
key feature in the majority of melanomas. Indeed, about 20 % of melanomas
contain activating mutations in NRAS [15, 16]. Mutations in KIT and KRAS have
also been identified. Approximately 50 % of all melanomas contain a mutation in
the BRAF gene, most commonly resulting in substitution of glutamic acid for valine
at position 600 (V600E) [17]. The BRAFV600E substitution leads to constitutive
activation of this kinase, and consequently, constitutive ERK signaling. Mutations
in BRAF are, in general, mutually exclusive with other mutations of other proteins
in the MAPK pathway [18, 19], though recently, exceptions have been reported
[20].

Inhibitors of RAF include type I inhibitors which selectively inhibit the activated
RAF kinase, and type II inhibitors which inhibit the resting RAF. Type II inhibitors
such as sorafenib do not have potent activity in BRAFV600E-mutated cancers [21,
22]. In contrast, two clinically relevant type I TKIs that target BRAFV600E are
vemurafenib and dabrafenib. As published in phases I, II, and III studies, treatment

Fig. 1 Overview of the MAPK pathway. Activation of a cell surface RTK such as cKIT leads to
sequential phosphorylation and activation of proteins in the MAPK pathway: RAS, RAF, MEK,
and ERK. ERK activation then mediates phosphorylation of key proteins involved in cellular
proliferation and other events

Targeted Therapy for Melanoma 253



of patients with BRAFV600E advanced melanoma with vemurafenib resulted in
response rates exceeding 50 % by RECIST criteria, with some degree of tumor
response in over 80 % of patients, resulting in improvements in PFS and OS [7, 9,
23]. Data from the BRIM-3 phase 3 trial demonstrated that treatment with vemu-
rafenib confers an overall response rate of 48 % compared to 5 % in dacarbazine,
the only FDA-approved chemotherapy for metastatic melanoma [7]. The duration
of response ranged from 2 to >18 months, with a mean duration of response of
6.7 months [9], though there are a few patients who have ongoing durable
responses. Estimated OS at 6 months was 84 % for vemurafenib, compared to 64 %
for dacarbazine. In the published updated analysis of BRIM-3, median OS was
significantly longer in the vemurafenib group than in the dacarbazine group
(13.6 months [95 % CI 12.0–15.2] vs. 9.7 months [7.9–12.8]; hazard ratio [HR]
0.70 [95 % CI 0.57–0.87]; p = 0.0008). Similarly, median PFS was improved
(6.9 months [95 % CI 6.1–7.0] vs. 1.6 months [1.6–2.1]; HR 0.38 [95 % CI 0.32–
0.46]; p < 0.0001) [24].

The phase I study of dabrafenib demonstrated 18/30 (60 %) of patients with
a > 20 % tumor decrease by RECIST at first restaging [11]. Similarly, the
open-label phase II study of dabrafenib for BRAFV600E/K-mutant melanoma,
BREAK-2, demonstrated 45/76 (59, 95 % CI 48.2–70.3) objective responses,with
7 % complete responses. For those with BRAFV600E, median PFS was 6.3 months
and median OS was 13.1 months, while it was 4.5 and 12.9 months, respectively,
for those with BRAFV600K [25]. Furthermore, BREAK-3, the phase III study
comparing dabrafenib with dacarbazine for first-line treatment of advanced mela-
noma, randomized 250 patients 3:1 to receive either dabrafenib or dacarbazine. The
primary end point was investigator-assessed PFS. Consistent with the phase I data,
the response rate was 52 %, (95 % CI 45–59) for the dabrafenib arm and 17 %
(95 % CI 9–29) for the dacarbazine arm. There was a 3 % complete response rate
among patients who received dabrafenib. The median PFS was 5.1 months for
dabrafenib and 2.7 months for dacarbazine, with a hazard ratio (HR) of 0.30 (95 %
CI 0.18–0.51; p < 0.0001) [26]. Given these positive data for BRAF inhibitors,
vemurafenib received FDA approval in August 2011 for the treatment of patients
with advanced or metastatic BRAFV600E-mutant melanoma and dabrafenib was
FDA-approved in May 2013.

Both vemurafenib and dabrafenib are generally well tolerated. With vemurafenib,
adverse events were mainly grade 2 or 3 in severity and included 18 % incidence of
cutaneous events (squamous cell carcinoma-SCC-, keratoacanthoma, or both)
managed by excision, arthralgia (21 %), fatigue (13 %), and 12 % incidence of
photosensitivity skin reactions, the most severe of which could be prevented by the
use of sunblock. Adverse reactions requiring dose modifications or interruptions
occurred in 38% of patients [9]. For dabrafenib, adverse events reported in the phase I
study included skin changes, low-grade cutaneous SCC, headache, nausea, fatigue,
and vomiting [11]. In BREAK-2, rates of the most common AEs were as follows:
arthralgia (33 %), hyperkeratosis (27 %), and pyrexia (24 %). Twenty-five patients
(27 %) had a serious AE, and nine (10 %) had squamous cell carcinoma [25]. In the
phase III study, 53 % of patients developed adverse events compared to 44 % in the
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dacarbazine arm. These include hyperkeratosis, palmar-plantar erythrodysesthesia
syndrome, headache, pyrexia, arthralgia, papilloma, and alopecia. Grade 3 or 4
adverse events were uncommon in either group [26].

3 Limitations of BRAF Inhibitors

Only melanoma cells with mutated BRAF are susceptible to inhibition by type I Raf
inhibitors. This is hypothesized to be because mutant BRAF is locked in an acti-
vated conformational state, which selectively allows inhibitor binding at lower
concentrations than needed for inhibition of wild-type BRAF [27]. Constitutive
activation of BRAF V600E may also obviate the need for binding of cofactors
normally required for MAPK activation, again leading to enhanced accessibility of
inhibitors to mutant BRAF. In addition, in melanoma cells with wild-type BRAF,
treatment with selective RAF inhibitors leads to a paradoxical increase in MAPK
signaling and activation of ERK. Similarly, in mouse models of melanoma driven
by RTKs or bearing mutations of RAS (upstream of RAF in the MAPK pathway),
treatment with selective RAF inhibitors stimulated tumor growth and led to
development of secondary malignancies [27, 28]. This is because inhibition of
BRAF in these wild-type BRAF cells allows increased signaling through CRAF,
thereby allowing continued activation of the pathway. Of note, the development of
cutaneous squamous cell carcinomas, most frequently of keratoacanthoma subtype,
as a side effect of treatment with vemurafenib [8, 9], is a result of MAPK signaling
through CRAF in cells with a pre-exiting upstream RAS mutation [29].

Not all patients with BRAFV600E melanoma respond to selective inhibition with
vemurafenib or dabrafenib [7, 11]. Even in patients with BRAFV600E, development
of resistance to single agent vemurafenib or dabrafenib occurs in most patients
within months. Several mechanisms of acquired resistance to vemurafenib and
other selective RAF inhibitors have been identified to date (Fig. 2). Some result in
reactivation of the MAPK pathway, but to date, no secondary mutations (i.e.
gatekeeper mutations) in the BRAFV600 kinase, have been identified [20, 30].
Instead, mechanisms of MAPK reactivation result from gene amplification of the
mutant BRAFV600 [31], splice variants of BRAF resulting in a smaller protein with
increased ability to signal [32], secondary mutations in NRAS such as Q61 K [20,
33], and development of mutations or deletions inMEK1 [30, 33]. In addition, some
resistant cell lines upregulate cancer Osaka thyroid (COT or MAP3K8) signaling
[34]. Other mechanisms of resistance lead to enhanced cell signaling through
pathways other than the MAPK. Examples include upregulation of RTKs such as
the platelet-derived growth factor beta (PDGFRβ), or the insulin growth factor
receptor 1 (IGF1R), or deletions of PTEN or mutations in PIK3CA or AKT [20, 35,
36]. These all lead to enhanced PI3K/AKT/mTOR signaling rather than reactivation
of the MAPK pathway. These mechanisms of acquired resistance appear to develop
mostly in a mutually exclusive manner. These resistance mechanisms have been
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corroborated clinically, in which these mutations or phenotypes have been identi-
fied in samples derived from patients treated with BRAF inhibitors.

4 Beyond Inhibition of Mutated BRAF

Knowledge of the mechanisms underlying resistance to vemurafenib, its analogs, or
dabrafenib provides an important basis for developing rational strategies to treat
patients who do not have BRAFV600-mutated melanoma, patients with BRAFV600-
mutated melanoma who do not respond to BRAF inhibitors, or to treat patients who
progress on these therapies. Data evaluating the susceptibility of cell lines derived
from melanomas with acquired resistance to vemurafenib demonstrated that sus-
ceptibility to a MEK inhibitor was dependent on the mechanism of resistance [37,
38]. While initial BRAFV600 melanoma cell lines were sensitive to both vemurafenib
and the MEK inhibitor, many developed cross-resistance to both inhibitors. How-
ever, cell lines with the acquired NRASQ61 mutations remained sensitive to MEK
inhibitor, demonstrating the continued dependence on the MAPK pathway for
driver oncogenic signaling. The cell lines with RTK upregulation as the mechanism
of acquired resistance did not respond to the addition of the MEK inhibitor because
they use an alternative survival pathway through PI3K/AKT/mTOR. These
RTK-mediated acquired resistance cell lines were indeed sensitive to the addition of
an AKT inhibitor or rapamycin in combination with vemurafenib. Thus, these data
demonstrate that acquired resistance to BRAF inhibitors may be overcome or

Fig. 2 Mechanisms of resistance to RAF inhibitors. Resistance to BRAF inhibitors by BRAFV600

melanoma may occur via mechanisms that reactivate the MAPK pathway (mutations in NRAS or
MEK, upregulation of COT pathway, upregulation of BRAFV600 gene expression, or generation of
BRAF splice variants) or upregulation of RTKs that signal via pathways such as
AKT/PI3K/mTOR
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partially overcome in vitro by addition of either a MEK inhibitor or an inhibitor of
the AKT/mTOR pathway, depending on the mechanism of resistance. Similarly,
cell lines resistant to dabrafenib remain sensitive to an inhibitor of
PI3K/AKT/mTOR [33].

5 Combining Inhibition of RAF with Other MAPK
Inhibitors

Given that MAPK dependence often persists even after resistance to BRAF inhi-
bitors develops, several clinical trials evaluated MEK inhibitors, alone or in com-
bination with type I RAF inhibitors.

In a phase I dose-escalation study of the MEK inhibitor, trametinib, Infante et al.
reported a maximum tolerated dose of 2 mg daily. Dose-limiting toxicities included
rash, diarrhea, and central serous retinopathy; 80 % (165/206) of patients developed
rash or acneiform dermatitis and diarrhea was seen in 42 % of patients [39].
Trametinib was evaluated in a multicenter, international phase III study in V600E-
or V600 K-mutant melanoma patients who were BRAF or MEK inhibitor naïve.
Patients were randomized 2:1 to trametinib or chemotherapy (dacarbazine or
paclitaxel), and a statistically significant improvement in investigator-assessed PFS
[HR 0.47 (95 % CI: 0.34, 0.65); p < 0.0001] for trametinib was seen compared to
chemotherapy. Objective response rate was 22 % (95 % CI, 17–28) for trametinib
compared to 8 % (95 % CI, 4–15). Median PFS was 4.8 months for trametinib and
1.5 months for chemotherapy, and the 6-month overall survival rate was 81 % for
trametinib, versus 67 % for chemotherapy [40]. Given these findings, the FDA
approved trametinib for BRAFV600E/K-mutant melanoma in May 2013.

In patients who had previously progressed on BRAF inhibitors, no responses to
trametinib monotherapy were observed among 40 enrolled patients [40]. However,
addition of the MEK inhibitor cobimetinib to vemurafenib in patients who pro-
gressed on BRAF inhibitors resulted in modest responses: 10 of 66 patients (15 %)
who progressed on a BRAF inhibitor responded when cobimetinib was added.
Median PFS was 2.8 months. In contrast to the modest responses in
BRAF-inhibitor-pretreated patients, among the 63 BRAF-inhibitor-naïve patients
evaluated, confirmed objective responses were seen in 87 % (55/63), with 10 %
complete responders. The median overall survival was 13.7 months [41]. Further-
more, the combination of vemurafenib and cobimetinib resulted in a statistically
significant increase in PFS compared to vemurafenib plus placebo (9.9 vs.
6.2 months, HR 0.51; 95 % CI 0.39–0.68, p < 0.001) [12].

Similar results have been observed for the combination of dabrafenib and
trametinib. A phase I/phase II clinical trial of dabrafenib with trametinib as first-line
therapy for mutant BRAF tumors demonstrated that the combination was tolerated
at the full doses used in monotherapy, though rates of pyrexia were significantly
higher (71 % for the combination vs. 26 % for dabrafenib alone) [12]. Furthermore,
in the seminal phase III study by Robert et al. [13], the median PFS for dabrafenib
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and trametinib was 11.3 months, compared to 7.3 months for vemurafenib.
12-month OS rate was also improved: 72 % (95 % CI, 67–77) for the combination
versus 65 % (95 % CI 59–70). Interestingly, because MEK inhibition blocks
paradoxical MAPK inhibition by BRAF inhibitors [29], the incidence of squamous
cell carcinomas with the combination therapy was markedly reduced. Cuta-
neous SCC was reported in 7 % of patients treated with dabrafenib and trametinib,
compared to 19 % for dabrafenib [41, 42]. Robert et al. reported 1 % for the
combination compared to 18 % for vemurafenib monotherapy [13], indicating that
dual inhibition of the MAPK pathway circumvents a common adverse event seen
with monotherapy with BRAF inhibitors [43]. With the statistically significant
improvement in durable objective responses afforded by combination MAPK
therapy, in 2014, the FDA granted accelerated approval to dabrafenib and trame-
tinib for combination therapy for BRAFV600E/K metastatic melanoma.

Inhibition of MEK or ERK may also be an effective strategy for tumors that are
MAPK-driven in a BRAF-independent fashion. Preclinical work in melanoma cell
lines with mutant NRAS demonstrated that while these were relatively insensitive
to vemurafenib, treatment with a MEK inhibitor potently inhibited growth of tumor
cells and resulted in decreased phospho ERK [44]. Falchook et al. [45] reported a
10 % response rate for trametinib in BRAF wild-type melanoma. Furthermore, a
phase II study of the MEK 1/2 inhibitor binimetinib reported six of 30 (20 %) with
NRAS-mutated melanoma had a partial response to treatment. Among
BRAF-mutant melanoma, eight of 41 (20 %) of patients responded [46]. The
possibility that binimetinib may be effective in NRAS-mutant melanoma is being
further explored in a randomized phase III clinical trial with dacarbazine as the
control arm (NCT01763164). Other MEK inhibitors that have been or are currently
under clinical investigation as single agents or combinations include TAK733
(NCT00948467) and selumetinib (NCT01974752). ERK inhibitors demonstrated
promising preclinical activity in both BRAF-mutant and BRAF wild-type mela-
nomas [47–49], and early-phase clinical trials in BRAF-, NRAS-, and
MEK-mutated cancers are ongoing (NCT01781429).

6 Combining Inhibition of BRAF with PI3K/AKT/MTOR
Inhibitors

As described above, PI3K/AKT/mTOR pathway activation is another important
pathway driving pathogenesis in BRAF wild-type melanomas as well as in acquired
resistance in BRAF-mutant melanoma. Preclinically, several published studies
demonstrate the utility of inhibition of PI3K/AKT/mTOR in melanomas with
acquired resistance to vemurafenib or dabrafenib [33, 37, 50]. Thus, several clinical
trials of combining PI3K/AKT/mTOR inhibitors with MAPK pathway inhibitors
such as BRAF or MEK inhibitors are currently ongoing or planned (NCT 1941927,
NCT01902173, NCT01021748, NCT01519427, NCT01363232). One key question
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is whether inhibiting two key cell signaling pathways simultaneously will be tol-
erable at doses necessary for antitumor effect.

7 Targeted Therapy in Combination
with Immunotherapy

Melanoma has long been considered an immunosensitive tumor. Data include the
finding that melanomas may undergo spontaneous regression and prolonged, dur-
able responses may be seen after treatment of metastatic melanoma with high dose
IL-2, interferon, anti-CTLA4, or anti-PD1/l1. The impressive initial responses seen
with BRAF inhibitors and the prolonged duration of responses that can be achieved
with immunotherapy give rise to an intriguing hypothesis that combining BRAF
inhibitors with immunotherapy could augment the sensitization of immune cells to
the cancer cells and result in long-lasting disease control [51]. Preclinical data
demonstrate that this approach may be feasible and effective. In two distinct mouse
models of adoptive cell therapy for melanoma, preliminary results demonstrate that
addition of vemurafenib yielded statistically significant improvements in tumor
regression. Furthermore, at clinically relevant concentrations, vemurafenib neither
affects the viability of lymphocytes from human peripheral blood mononuclear cells
(PBMCs) nor does it significantly impair lymphocyte antigen recognition or
cytotoxic activity [52], indicating that addition of vemurafenib should not adversely
affect the efficacy of immunotherapy. Several clinical trials of PDL1/PD1 anti-
bodies combined with BRAF and/or MEK inhibitors are currently accruing
(NCT02130466 and NCT02027961) [51].

8 Conclusions

The recognition of the key role of the MAPK pathway, and of BRAFV600 in par-
ticular, in driving oncogenesis in melanoma was a pivotal breakthrough allowing
identification of the type I RAF inhibitors such as vemurafenib or dabrafenib as
effective therapy. While initially effective, however, primary resistance or devel-
opment of acquired resistance to these targeted therapies remains a significant issue.
Several mechanisms of resistance have been identified, and clinical trials are
ongoing to evaluate the efficacy of other MAPK inhibitors or inhibitors targeting
other key signaling pathways that are altered in melanoma. Combining targeted
therapies or using targeted therapies in conjunction with immunotherapy may
provide additional treatment options for this disease.
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Treatment of Melanoma CNS
Metastases
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Abstract
The discovery of the BRAFV600 mutation and the development of targeted
therapies directed against this mutation as well as effective immunotherapies
with durable benefits have revolutionized the treatment of patients with
melanoma. Nonetheless, the frequent occurrence of brain metastases in patients
with advanced melanoma represents a significant obstacle to long-term, high
quality survival. The application of stereotactic radiation therapy has provided an
opportunity to control brain metastases in the majority of patients with metastatic
melanoma reducing the impact of these lesions on morbidity and mortality and
enabling patients to receive and potentially benefit from these novel systemic
treatments. Encouragingly, several of these novel new therapies have shown
antitumor activity against CNS metastases that approach that seen against
extracranial disease. As a consequence, several effective treatment options are
now available for patients with melanoma brain metastases. With these tools in
hand, it is anticipated that further investigation into the optimal sequence and/or
combination of systemic therapies and local therapies along with multidisci-
plinary team practice will continue to improve the outcome of patients with this
previously life-limiting disease complication.
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Melanoma brain metastases are common, difficult to treat, and carry a poor prog-
nosis. Local therapies such as surgery and whole-brain radiotherapy (WBRT) have
historically been the only treatment approaches for patients with melanoma brain
metastases. Over the past decade, stereotactic radiosurgery (SRS) has become the
cornerstone of treatment for most patients. Selection and sequencing of local
therapies are controversial due to lack of prospective randomized trials addressing
this question. More recently, the treatment paradigm for melanoma brain metastases
has begun to incorporate systemic treatments including molecularly targeted ther-
apies such as the BRAF inhibitors dabrafenib and vemurafenib and immunotherapy
with the anti-CTLA4 antibody ipilimumab. Given the expanding number of treat-
ment options, multidisciplinary discussion is required to establish a treatment plan
which balances multiple factors including reduction in symptomatic central nervous
system (CNS) disease progression and the risk of neurologic death against the risk
of treatment-related toxicity and competing issues related to the management of
systemic disease. Further research is required to optimize the coordination of all the
available therapies, both local and systemic, to improve the patient’s quality of life
and survival.

1 Introduction

Melanoma has high propensity to metastasize to the brain and is the third most
common cause of brain metastases in the USA after lung and breast cancers [35].
Five-year cumulative incidence of brain metastases was 7 % for patients with all
stages of melanoma [63]. Approximately 20 % of patients have brain metastases at
first diagnosis of distant metastatic melanoma [8]. Additionally up to 45 % of
patients with metastatic melanoma develop clinically documented brain metastases
during their lifetime [13], and the prevalence of brain metastasis is 50–75 % in
autopsy series [14, 53].
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Clinicopathologic characteristics associated with the increased risk of brain
metastases among patients with melanoma mirror those factors associated with
metastasis and poor survival. They include male gender, melanomas arising on
mucosal surfaces or on the skin of the trunk or head and neck, thick or ulcerated
primary lesions, and acral lentiginous or nodular histology [61]. Also, melanoma
involvement of more than three regional lymph nodes either at diagnosis or relapse
was associated with the development of brain metastases [5]. Among patients with
unresectable stage III or IV melanoma, elevated LDH and stage M1b or M1c were
independent predictors for the risk of brain metastasis [6]. Molecular changes found
in melanoma brain metastases include increased VEGF secretion, increase in
phosphorylated STAT3 leading to upregulation in invasive and angiogenesis genes,
and increased activity of heparanase (Chen and Davies [11]). Also, patients with
melanomas containing BRAF or NRAS mutations were more likely than patients
with wild-type tumors to have brain metastasis at the time they were diagnosed with
distant metastatic disease [33].

Melanoma patients with brain metastases historically have had a poor prognosis
with median survival of 4 months and 1-year survival rate of 10–20 % [18, 61]. An
improvement in median overall survival to 8 to 10 months has been reported with
SRS [39, 60]. In patients with brain metastases from melanoma, good performance
status and the limited number of brain metastases were associated with a more
favorable prognosis [67].

2 Treatment

2.1 Surgery

Prospective randomized studies in patients with brain metastases from largely other
histologies have suggested that surgical resection followed by WBRT produced
superior results to WBRT alone. For example, a randomized trial of 48 patients with
a single metastasis to the brain including 3 patients with melanoma showed
improvement in survival among patients who received treatment with surgical
resection plus radiotherapy compared to patients treated with radiotherapy alone.
Also, patients who were treated with surgery plus radiotherapy had fewer recur-
rences of cancer in the brain and had a better quality of life [52]. Another trial also
demonstrated surgery plus radiotherapy produced superior overall and functionally
independent survival compared to radiotherapy alone in patients with single brain
metastasis especially those with stable extracranial disease (median survival,
12 months vs. 7 months) [70]. A systematic review also concluded that surgical
resection followed by WBRT is an effective treatment for patients with a single,
surgically accessible brain metastasis who have controlled extra-cranial disease and
are in good general condition [21]. While this approach is an established practice
for many cancers, the relevance of these findings to patients with melanoma with
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solitary brain metastases is uncertain as melanoma is typically less sensitive to
standard low-dose fractionated WBRT approach.

Of note, a retrospective study from Australia confined to patients with melanoma
showed improvement in median survival among patients with melanoma brain
metastasis treated with surgery (8.9 months) or surgery and postoperative radio-
therapy (9.7 months) compared to radiotherapy alone (3.4 months) or supportive
care alone (2.1 months) [18]. Although the group treated with surgery likely had a
significantly better pretreatment prognosis than those treated with WBRT alone or
supportive care, these data are perhaps most notable for the limited benefit asso-
ciated with WBRT in either the postsurgical or inoperable setting.

While surgical resection of more than one brain metastasis has been performed
in cases of significant mass effect from more than one lesion, and in cases where
two or more lesions are accessible through the same craniotomy approach, no
robust comparative data exist to evaluate the role of surgical resection for multiple
brain metastases in any cancer let alone for melanoma [36]. Retrospective review of
56 patients who underwent resection for multiple brain metastases reported
improved survival in patients who had all of their brain metastases resected com-
pared to patients who had resection of only some of the lesions (median survival,
14 months vs. 6 months) [7]. The survival was comparable to a matched control
group of patients who underwent resection for a single brain metastasis. Although
multiple large, symptomatic metastases can be treated with surgical resection in
selected patients with favorable prognosis, SRS and/or WBRT is far more com-
monly employed in patients with multiple brain metastases.

2.2 Radiation Treatment

WBRT has played a central role in brain metastasis treatment and continues to be
central to therapy for many tumor types with radioresponsive biology. However,
melanoma cells have low responsiveness to radiation in vitro corresponding to the
low efficacy of WBRT [17]. As mentioned above, patients with melanoma that had
metastasized to brain who underwent WBRT alone had a median survival of only
3.4 months compared to 2.1 months for patients who received supportive care alone
[18]. Given this limited benefit, WBRT in patients with melanoma has been
increasingly confined to patients for whom surgery and SRS are not feasible such as
those with symptomatic diffuse or leptomeningeal disease as well as inoperable
large-volume brain metastatic disease.

Although prior data from patients largely with other cancers suggested a benefit
for adjuvant WBRT following surgical resection [51], more recent data have called
this benefit into question. A prospective randomized study conducted by the
European Organisation for Research and Treatment of Cancer (EORTC) evaluated
the role of adjuvant WBRT after surgery or radiosurgery in 359 patients (18 with
melanoma) with one to three brain metastases and demonstrated no improvement in
the duration of functional independence or overall survival despite improvement in
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local and distant brain control [38]. Also, adjuvant WBRT had negative impact on
health-related quality of life (global health status at 9 months, physical functioning
at 8 weeks, cognitive functioning at 12 months, and fatigue at 8 weeks) compared to
observation [65].

In the absence of melanoma-specific data, it is difficult to estimate the benefit of
WBRT as an adjuvant therapy following surgery or radiosurgery. The benefit would
be expected to be greatest for patients undergoing resection or radiosurgery to large
metastases (i.e., >4 cm) where the radiosurgery dose to tumor or resection cavity
would need to be relatively low [56].

In contrast to the limited benefit and role of WBRT, SRS has emerged as a vital
alternative local therapy for patients with melanoma brain metastases. This
approach utilizes multiple convergent radiation beams to deliver a high dose of
focused radiation to one or more tumor masses with rapid dose falloff beyond the
tumor margin. Multiple single-institution retrospective analyses reported 1-year
local control rates of 50–75 % in patients who underwent SRS for melanoma brain
metastases [9, 39]. Studies identified tumor volume as an independent predictor of
local tumor control [9, 42] and survival [73]. Also, patients with controlled
extracranial melanoma metastases had better survival [39, 73].

Although there is substantial experience with SRS in patients with melanoma
brain metastases, there is no prospective randomized melanoma-specific trial
addressing the benefit of SRS to patient survival. The Radiation Therapy Oncology
Group (RTOG) conducted a trial including multiple histologies (13 of 333 patients
with melanoma) with up to three brain metastases and randomized patients to
WBRT + SRS or WBRT alone [3]. The addition of SRS improved survival for
patients with single unresectable brain metastasis but not for patients with multiple
metastases. Patients who had WBRT + SRS were more likely to maintain a stable or
improved performance status at 3 and 6 months compared to patients who had
WBRT alone. Based on this, the authors concluded that SRS should be a standard
treatment for patients with a single unresectable brain metastasis and considered for
patients with two or three brain metastases.

Current radiosurgery delivery systems are capable of treating multiple (up to 10)
metastases in a single session. However, the optimal treatment of patients with
multiple brain metastases (4 or more) remains controversial, and only a few ret-
rospective studies have included patients with 4 or more metastatic lesions. One
study showed that patients with single brain metastasis had better survival com-
pared with patients with multiple brain metastases after SRS (Radbill et al. [55]).
Another study also showed that the number of brain metastases was an independent
predictor of survival; however, long-term survival was observed in patients with up
to 8 brain metastases, no prior WBRT, and good functional status [39]. Although
these data once again come largely from patients with other cancer types, these data
suggest that SRS is a valuable option for patients with controlled systemic disease
even if they have multiple brain metastases.

The effectiveness of SRS compared to conventional surgery remains uncertain.
In the absence of randomized trial, surgery is preferred if a single metastatic lesion
is causing neurologic symptoms and is easily accessible. Large posterior fossa
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tumors or those with the large amounts of surrounding edema causing significant
effacement of the fourth ventricle or cerebral aqueduct should be resected to prevent
the development of obstructive hydrocephalus. SRS is preferred for smaller lesions
and those in eloquent or relatively inaccessible areas of the brain.

There has been a great interest to add SRS following surgical resection of a brain
metastasis. Multiple retrospective studies have demonstrated that a postoperative
SRS boost in lieu of WBRT is associated with high local control rate with
acceptable toxicity [33, 66]. While further studies evaluating SRS versus WBRT, or
fractionated stereotactic radiotherapy, may clarify the optimal radiation modality in
this setting for patients with radiosensitive malignancies, given the relative
radioresistance of melanoma, adjuvant SRS is likely to be the preferred option for
patients with melanoma brain metastases.

Radiation necrosis is the most common complication following SRS. It is
diagnosed from radiologic evidence of increased peritumoral edema and rim
enhancement at the radiosurgical site. In one series, radiation necrosis occurred in
24 % of treated lesions, being symptomatic in 10 % and asymptomatic in 14 % [46].
Predictive factors for radiation necrosis included tumor size, location, and volume
of normal brain receiving 10, 12, and 16 Gy (V10, V12, and V16) especially when
located in or near eloquent areas. The standard treatment for symptomatic radiation
necrosis consists of corticosteroids. For patients with melanoma, steroid treatment
may adversely affect the efficacy of systemic immunotherapies such as interleukin-2
or ipilimumab. In such cases, aggressive management including surgical resection
of the necrotic area may be considered. Administration of low-dose bevacizumab
has also been reported to be effective in the treatment of radiation-induced necrosis
[2] and could be considered particularly in situations where corticosteroids are
contraindicated and surgical resection is not feasible. Upfront surgical resection or
fractionated stereotactic radiotherapy may be considered for metastases that would
be associated with excessive risk of radiation necrosis following SRS.

2.3 Systemic Treatment

2.3.1 Chemotherapy
Cytotoxic chemotherapy has limited efficacy for patients with metastatic melanoma
to the brain. Temozolomide and fotemustine can penetrate the blood–brain barrier
and have produced the highest response rates among conventional chemotherapies.
Temozolomide was evaluated in a phase II study in patients with melanoma brain
metastases who did not require immediate radiotherapy [1]. Of 151 patients
enrolled, 117 who had no prior systemic chemotherapy received temozolomide
200 mg m2 day for 5 days every 28 days, whereas 34 who had prior chemotherapy
received 150 mg m2 day for 5 days every 28 days. Response rates were 7 % for
previously untreated patients and 3 % for previously treated patients. Median
overall survival was poor—3.5 and 2.2 months for previously untreated patients
and for previously treated patients, respectively. Another phase II study evaluated
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the combination of temozolomide and thalidomide and found modest response rate
of 12 % with increased toxicity such as intracranial hemorrhage, pulmonary
embolism, and deep vein thrombosis [31]. Clinical activity of fotemustine was
initially suggested in a phase II trial showing a response rate of 24 % in patients
with melanoma brain metastases [32]. However, in a phase III trial of fotemustine
compared with dacarbazine, tumor responses were observed rarely in brain (5.9 %
with fotemustine vs. 0 % with dacarbazine) among patients with brain metastases at
baseline.

2.3.2 Immunotherapy

Interleukin-2
Prior to 2011, high-dose interleukin-2 (IL-2) was the only approved immunother-
apy in the USA for patients with advanced melanoma and has been used for patients
without brain metastases with objective responses observed in 15–20 % and durable
complete responses in 5–7 % of patients. Data are limited on the safety and efficacy
of high-dose IL-2 in patients with untreated brain metastases. In a retrospective
review from the US National Cancer Institute, IL-2 yielded objective response rate
of 18 % in patients with previously irradiated brain metastases but only 6 % in
patients with untreated brain metastases [23]. There were no significant differences
in toxicity profiles. Given the substantial capillary leak syndrome and the associated
risk for peritumoral edema, seen with high-dose IL-2 therapy, treatment of patients
with large CNS metastases, even if recently irradiated, may be associated with
significant CNS toxicity. Further, the CNS is a frequent site of isolated disease
relapse for patients with ongoing systemic response to IL-2-based immunotherapy,
suggesting that the efficacy of this treatment in controlling disease in the brain is
even more limited than its modest ability to treat systemic metastatic disease [30,
47]. Finally, IL-2 therapy has been shown to be ineffective in patients taking
steroids [45]. Consequently, the use of HD IL-2 in patients with extensive CNS
melanoma metastases is to be discouraged.

Adoptive T-cell Therapy
Adoptive T-cell therapy is a complex treatment that is performed in few centers
worldwide. It uses autologous antitumor lymphocytes plus interleukin-2 following a
lymphodepleting preparative regimen used to eliminate the immunosuppressive
factors within the tumor microenvironment. This approach has a high antitumor
activity in patients with systemic metastases from melanoma [59]. A retrospective
analysis from US National Cancer Institute Surgery Branch reported that this
approach also has activity against CNS metastases [29]. Patients were eligible for
treatment if they had asymptomatic oligometastases each less than 10 mm in size
and unassociated with mass effect or edema. A complete response was reported in 7
of 17 evaluable patients (41 %), and 6 of these patients achieved an overall partial
response. One patient developed a tumor-associated subarachnoid hemorrhage
during the thrombocytopenic phase of therapy. This impressive result should be
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interpreted with caution given the small number of highly selected patients
analyzed.

Ipilimumab
Ipilimumab is a fully human monoclonal antibody (IgG1) which inhibits the
function of cytotoxic T-cell-associated antigen 4 (CTLA4) and enhances an
immune response against melanoma cells. Ipilimumab 3 mg/kg intravenously every
3 weeks for up to 4 cycles was approved in 2011 for patients with metastatic
melanoma based on a survival advantage over a melanoma vaccine [27]. Also,
ipilimumab in combination with DTIC improved survival compared with DTIC
alone [57]. Patients with active or untreated brain metastases were excluded from
these trials. However, ipilimumab was observed to induce immune effector cell
infiltration and tumor necrosis in brain metastases, and cases of regression or sta-
bilization of previously progressing brain metastases in ipilimumab-treated patients
have been reported [28, 62].

Activity of ipilimumab against brain metastases was specifically addressed by a
phase II study including two cohorts of patients [44]. Patients in cohort A (n = 51)
had one or more untreated brain lesions who were neurologically asymptomatic and
were not receiving corticosteroid treatment at study entry. Those in cohort B
(n = 21) were symptomatic and on a stable dose of corticosteroids. Patients were
treated with ipilimumab, 10 mg/kg intravenously every 3 weeks for 4 cycles fol-
lowed by same dose every 12 weeks for those who were clinically stable.
Intracranial disease control (objective response or stable disease) rate was 24 % in
cohort A and 10 % in cohort B using modified WHO criteria and 25 % in cohort A
and 10 % in cohort B using immune-related response criteria. Extracranial disease
control was mostly concordant with the intracranial disease control. The 24-month
overall survival was 26 % in cohort A and 10 % in cohort B. The lower antitumor
activity and worse survival in cohort B could be attributable to their less favorable
prognostic characteristics as well as the inhibition of the immunostimulatory effects
of CTLA4 checkpoint blockade by concomitant corticosteroid blockade. There
were no unexpected toxicities, but it should be noted that one patient had a grade 4
intratumoral hemorrhage attributed to disease progression. Overall, ipilimumab has
activity in melanoma brain metastases particularly when patients are asymptomatic
and not receiving corticosteroids. Further study is required to determine the optimal
dose (3 mg/kg vs. 10 mg/kg) and schedule (4 doses only vs. 4 doses plus every
12 weeks) of ipilimumab in this as well as other treatment settings.

Programmed Death 1 Inhibitors
Programmed death (PD) 1 is an inhibitory co-receptor on antigen-activated T cells.
Inhibiting the PD-1 receptor with a blocking antibody enhances T-cell responses
and antitumor activity. Early clinical trials investigating antibodies to PD-1 or
PD-L1 in patients with melanoma have shown response rates ranging from 25 to
50 % [24, 69]. In addition, a study evaluating the concurrent administration of the
combination of ipilimumab and the PD1 antibody nivolumab produced rapid and
deep tumor responses in patients with metastatic melanoma and an overall response
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rate of 53 % in a small number of patients [72]. The promising results seen with
various anti-PD1 and PD-L1 antibodies either alone or in combination with ipili-
mumab have led to multiple randomized clinical trials of comparing anti-PD-1
antibodies alone or in combination with ipilimumab to standard of care in patients
with metastatic melanoma (NCT01704287, NCT01866319, NCT01844505). These
new agents will likely soon be added to the therapeutic armamentarium for patients
with metastatic melanoma. To date, patients with active brain metastases have been
excluded from these studies; however, ongoing and future trials are anticipated to
provide data on the intracranial activity of these promising agents.

2.3.3 Targeted Therapy
Activating mutations in the mitogen-activated protein kinase (MAPK) pathway,
which incorporates the enzymes RAS (rat sarcoma; encoded by HRAS, NRAS, and
KRAS), RAF (rapidly accelerated fibrosarcoma; encoded by ARAF, BRAF, and
CRAF), MEK (MAPK/ERK kinase; encoded by MAP2K1 and MAP2K2), and
ERK (extracellular signal-regulated kinase; encoded by MAPK1 and MAPK3),
results in constitutive signaling leading to oncogenic cell proliferation and escape
from apoptosis [22]. Approximately 40–50 % of melanomas harbor a mutation in
the BRAF, mostly confined to a specific point mutation at nucleotide 1799 leading
to a change in the V600 amino acid [12]. V600E mutation (substitution of glutamic
acid for valine at position 600) is the most common BRAF mutation in melanoma
occurring in 70–90 % of BRAF-mutant melanomas, with the remainder of mutations
largely resulting from other amino acid substitutions at this position (V600K,
V600D, or V600R) [40, 71].

In 2011, vemurafenib became the first oral BRAF inhibitor approved by
US FDA for the treatment of patients with unresectable or metastatic melanoma
with BRAFV600E mutation. A phase 3 randomized trial comparing vemurafenib to
dacarbazine in 675 patients with previously untreated, metastatic melanoma with
the BRAFV600E mutation demonstrated significantly increased overall survival
(HR 0.37, 95 % confidence interval [CI], 0.26–0.55; P < 0.001) and
progression-free survival (HR 0.26, 95 % CI, 0.20–0.33; P < 0.001) at the first
planned interim analysis conducted after a median follow-up of only 3.7 months
[10]. Response rates were 48 % for vemurafenib and 5 % for dacarbazine. Common
side effects of vemurafenib were arthralgia, rash, fatigue, alopecia, photosensitivity,
nausea, and diarrhea. Cutaneous squamous cell carcinomas (the majority, kera-
toacanthoma type) were reported in up to 26 % of patients with a significant
proportion of these tumors harboring a mutation in HRAS [68]. These skin lesions
were treated with local excision and did not require dose interruption or reduction
of vemurafenib. As with many registration trials, patients with brain metastases
were ineligible for the study unless the disease had been treated and was stable for
at least three months and not requiring steroids.

A case report of dramatic response in a melanoma brain metastasis to vemu-
rafenib [58] led to an open-label, single-arm trial in 24 patients with V600E BRAF
mutation—positive melanoma and symptomatic and progressing brain metastases
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[15]. These patients had a very poor prognosis at enrollment, and there was no size
criteria for the brain lesions. Of 19 patients with measurable intracranial disease,
seven (37 %) achieved >30 % intracranial tumor regression, and three (16 %; 95 %
CI, 3.4–39.6 %) achieved a confirmed PR. Median progression-free survival was
3.9 (95 % CI, 3.0–5.5) months, and median overall survival was 5.3 (95 % CI, 3.9–
6.6) months. A larger phase II study of vemurafenib in patients with BRAF V600-
mutant melanoma and active brain metastases included patients with both symp-
tomatic and asymptomatic brain metastases, as well as patients with untreated or
previously treated CNS disease (NCT01378975). This trial has completed accrual,
and the results are anticipated shortly.

Dabrafenib is a reversible, ATP-competitive inhibitor of mutant BRAFV600
(IC50 0.5 nmol/L). Dabrafenib was approved by US FDA in 2013. In a phase
3 clinical trial, 250 patients with previously untreated, stage IV or unresectable
stage III BRAFV600E mutant melanoma were randomized to receive either dab-
rafenib (187 patients) or dacarbazine (63 patients) [26]. Patients assigned to the
dacarbazine arm were permitted to crossover to dabrafenib at the time of disease
progression. The primary end point of this trial was progression-free survival.
Dabrafenib showed a statistically significant improvement in median
progression-free survival of 5.1 months compared to 2.7 months for dacarbazine.
Confirmed objective response rate by independent review committee was 50 % in
dabrafenib with a 3 % complete response rate. These results are similar to what was
observed in the vemurafenib phase III trial indicating a likely equivalent antitumor
activity for these two agents. In an updated report, the median overall survival for
the dabrafenib-treated group was 18.2 months compared to 15.6 months in dacar-
bazine group. These survival results were confounded by crossover of the majority
of patients initially assigned to dacarbazine to dabrafenib (HR 0.76, 95 % CI 0.48–
1.21) [25]. The most common adverse events were cutaneous (hyperkeratosis,
papillomas, palmar-plantar erythrodysaesthesia), fatigue, headache, and arthralgia,
which together required dose reduction in 28 % of patients. Squamous cell carci-
noma or keratoacanthomas were observed in 6 % of patients. Photosensitivity
reactions were rarely seen with dabrafenib; however, grade 2 or 3 pyrexia was
observed in 8 and 3 %, respectively.

The activity of dabrafenib for patients with melanoma brain metastases was first
reported from the phase I expansion cohort study [16]. Among 10 patients with
asymptomatic, untreated brain metastases who were treated with recommended
phase II dose of 150 mg twice daily, nine patients had a reduction in the size of the
brain metastases and four had a complete response in the brain. These results led to
the large phase II study which enrolled 172 patients with BRAFV600E- or V600K-
mutant melanoma with documented brain metastasis into one of two cohorts dis-
tinguished by whether or not they had received prior radiation therapy to brain [41].
Dabrafenib showed antitumor activity with an overall intracranial response rate of
39 and 31 % for the patients with BRAFV600E-mutant melanoma without and with
prior brain irradiation, respectively. Median progression-free survival was
4 months, and median overall survival approximately 8 months in both cohorts.
Objective responses were also seen in 5 of 33 patients (15 %) with BRAFV600K-
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mutant melanoma. In the safety analysis, only 1 patient developed treatment-related
cerebral hemorrhage.

Although a preclinical study suggests that dabrafenib may have greater brain
penetration compared with vemurafenib [48], there are no data comparing the
clinical intracranial activity of dabrafenib and vemurafenib. Neoadjuvant studies in
patients with resectable brain metastases are planned for dabrafenib
(NCT01978236) and vemurafenib (NCT 01781026) which will provide informa-
tion on brain penetration of these agents.

Trametinib is an orally available, small-molecule, selective inhibitor of MEK1
and MEK2 which was approved by US FDA in 2013 for the treatment of patients
with unresectable or metastatic melanoma with BRAFV600E or V600K mutations.
In a phase 3 open-labeled trial, 322 patients with metastatic melanoma with
BRAFV600E or V600K mutation were randomized to receive either trametinib or
chemotherapy (either dacarbazine or paclitaxel) in 2:1 ratio [20]. Median
progression-free survival was improved to 4.8 months in the trametinib group
compared to 1.5 months in the chemotherapy group. Overall survival rate at
6 months was 81 % in the trametinib group and 67 % in the chemotherapy group
even though 51 of 108 patients (47 %) in the chemotherapy group crossed over to
receive trametinib (hazard ratio for death, 0.54; 95 % CI, 0.32 to 0.92; P = 0.01).
The response rate was 22 %, and most common side effects were rash, diarrhea, and
peripheral edema in the trametinib group. This trial included only a few patients
with stable brain metastases (9 in trametinib and 2 in chemotherapy); therefore, the
single-agent activity of trametinib against active melanoma brain metastases is
currently not known.

Combination of dabrafenib and trametinib in BRAF inhibitor-naïve patients has
shown improvement in response rate (76 % vs. 54 %) as well as median progression
survival (9.4 months vs. 5.8 months) compared with dabrafenib alone in a ran-
domized phase II trial which led to accelerated approval of combination therapy by
US FDA in 2014 [19]. Also, the incidence of cutaneous squamous cell carcinoma
was 7 % in combination group compared with 19 % for dabrafenib monotherapy,
suggesting that the addition of a MEK inhibitor was able to block the paradoxical
activation of MAPK pathway that contributed to these skin lesions. The intracranial
activity of this combination is going to be evaluated in a planned clinical trial
(NCT02039947).

2.4 Combination

2.4.1 Chemotherapy and Radiotherapy
Concurrent chemotherapy and WBRT have been evaluated in multiple clinical
trials. In a phase III trial, the combination of fotemustine with whole-brain radiation
delayed the time to CNS progression of melanoma brain metastases compared with
fotemustine alone, but this benefit was not associated with a significant improve-
ment in terms of objective disease control or overall survival [49]. The Cytokine
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Working Group conducted phase II trials of concurrent temozolomide and
whole-brain radiation [43] as well as the concurrent temozolomide, thalidomide,
and whole-brain radiation [4] for patients with brain metastases from melanoma
which also showed very limited antitumor activity. Once again, the addition of
thalidomide was associated with an unacceptably high rate of thromboembolic
disease.

2.4.2 Immunotherapy and Radiotherapy
Limited data are available investigating the use of definitive SRS and ipilimumab in
patients with melanoma brain metastases. In a retrospective analysis of patients
treated with radiosurgery, 27 of 77 patients received ipilimumab after radiosurgery
[37]. Patients who received ipilimumab had a median survival of 21.3 months
compared with 4.9 months in patients who did not receive this agent. However,
these groups were not comparable. Although uni- and multivariable Cox propor-
tional hazard analyses with data censored at 24 months demonstrated an improved
hazard ratio (HR) for death in patients treated with ipilimumab compared to those
who did not receive ipilimumab (HR 0.48 [95 % CI, 0.24–0.93]; P = 0.03), a
significant role for ipilimumab could not be established in the final multivariate
analysis (HR 0.61 [95 % CI, 0.33–1.10]; P = 0.12). Nonetheless, some groups have
reported a sensitizing effect or even an abscopal effect for focused RT when used in
conjunction with immunotherapy [54]. Consequently, the combination of ipili-
mumab and radiosurgery or whole-brain radiation is being prospectively investi-
gated in clinical trials (NCT01703507).

2.4.3 BRAF Inhibitor and Radiotherapy
The efficacy of vemurafenib concomitant with or in patients who were previously
treated with either SRS or whole-brain radiation was evaluated in a retrospective
analysis in 12 patients with melanoma brain metastases [50]. Seven patients had a
neurologic improvement, and radiographic responses were seen in 36 of 48 index
lesions (75 %). This result suggests that BRAF inhibitor and radiotherapy-based
techniques have high efficacy although they need to be validated in randomized
controlled clinical trials. Of note, unusual skin reactions such as excessive acute
radio-dermatitis and late skin reaction can occur during and after treatment with a
combination of vemurafenib and whole-brain radiation [64]. Therefore, careful
dermatologic monitoring is required for those who undergo concurrent radiation
and BRAF inhibitor therapy. The safety and efficacy of dabrafenib combined with
SRS are currently being investigated (NCT01721603).

3 Conclusion

The discovery of BRAFV600 mutation and the development of targeted therapies
directed against this mutation as well as effective immunotherapies with durable
benefits have revolutionized the treatment of patients with melanoma. The
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application of stereotactic radiation therapy has provided an opportunity to control
brain metastases in majority of patients with metastatic melanoma reducing the
impact that these lesions have on mortality and enabling such patients to receive
and potentially benefit from these novel systemic treatments. Encouragingly, sev-
eral of these novel agents have shown antitumor activity against CNS metastases
use approaches that are effective against extracranial disease. As a consequence,
several effective treatment options are now available for patients with melanoma
brain metastases. With these tools in hand, it is anticipated that further investigation
into the optimal sequence and/or combination of systemic therapies and local
therapies along with multidisciplinary team practice will continue to improve the
outcome of patients with this previously life-limiting disease complication.
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Treatment of Uveal Melanoma

Alexander N. Shoushtari and Richard D. Carvajal

Abstract
Uveal melanoma (UM) comprises approximately 5 % of all melanoma diagnoses
in the USA each year. Approximately half of patients with UM eventually
develop metastases, most commonly involving the liver. Historically, prognosis
for these patients has been poor, with death occurring 6–12 months from the
time of metastases. Multiple trials of cytotoxic treatments largely extrapolated
from cutaneous melanoma have been ineffective in metastatic UM. Trials of
regional hepatic-directed therapy have led to high response rates, but these have
yet to be translated into a survival benefit. Recently, it was discovered that the
majority of UMs harbor activating mutations in genes encoding one of two
G-alpha protein subunits, GNAQ and GNA11. This knowledge has led to the
rational development of clinical trials specifically for UM utilizing targeted
inhibitors of the activated signaling pathways such as mitogen-activated protein
kinase, Akt, and protein kinase C. A recent trial of the oral MEK inhibitor
selumetinib was the first to show clinical benefit for any systemic therapy in a
randomized fashion. This increasing understanding of the biology of UM offers
hope that novel treatments will continue to benefit patients with metastatic
disease.
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1 Introduction

1.1 Epidemiology and Initial Presentation

Uveal melanoma (UM) arises from melanocytes of the uveal tract, which consist of
the iris, ciliary body, and choroid. UM is the most common primary intraocular
malignancy in adults, accounting for 5 % of all melanoma diagnoses each year. The
yearly incidence is 5–6 cases per million, and it is more common in males, with a
M:F ratio of 1.2:1. The median age at diagnosis is 62 years, and Caucasians
comprise approximately 98 % of all reported cases [49].
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Most UMs arise within the pigmented nevi, which can present with visual
disturbances or as asymptomatic lesions noted on funduscopic examination. A large
case series comprising 2514 choroidal nevi followed with the serial examinations
noted 13 % transformed into UM by 10 years, signifying that the majority of nevi
can safely be followed by ophthalmologists with serial assessments. Risk factors
associated with malignant transformation included the presence of visual symp-
toms, thickness >2 mm, margin near the optic disk, presence of subretinal fluid or
orange pigment within the nevus, absence of a surrounding amelanotic “halo,” or a
hollow lesion on ultrasound [48].

1.2 Staging and Prognosis

In the AJCC 7th Edition Cancer Staging Manual, stage I–III disease is determined by
tumor diameter and thickness, as well as the presence of ciliary body or extraocular
involvement. Stage IV disease includes disease with evidence of any spread to
lymph nodes or other organs. In a large retrospective analysis of 7731 patients, this
system stratified for risk of metastasis and death. For example, T1 through T4 tumors
had 10-year risk of death of 8, 13, 27 and 43 %, respectively [47].

Distant metastases occur in approximately 50 % of patients within twenty years
of initial diagnosis. The liver is the most common site of metastasis, representing
the initial site for 60 % of patients and eventually affecting over 90 % [39, 51].
Other common sites of metastasis include the lung, soft tissue, bone, and brain [39].
Perhaps due to the historical lack of efficacious systemic treatment strategies, the
prognosis of metastatic disease is dismal. Median overall survival (OS) ranges from
6 to 12 months [5, 39].

Clinical predictors of worse disease outcome include age >60, the presence of
hepatic metastases (versus lung or soft tissue), and shorter metastasis-free intervals
[39]. Primary tumor features that predict poorer outcomes include larger tumor
diameter, thickness, and location in the ciliary body versus the rest of uveal tract
[26]. Either cytogenetics or gene expression profiling (GEP) can be utilized to
predict whether primary tumors have a high or low risk of metastasis. Cytogenetic
markers of high-risk primary tumors include monosomy 3 and 8q24 duplication,
which correspond to a worse disease-free and overall survival [8, 50]. A multivar-
iate analysis of cytogenetic and clinicopathologic data from a retrospective series of
356 patients found that monosomy 3, basal diameter, and epithelioid cellularity
could distinguish groups with varying 5-year disease-specific mortality [13]. The
5-year risk of death from UM ranged from 0 % in the lowest risk group to 66 % in
the highest risk group.

A fifteen-gene GEP panel (DecisionDx-UM, Castle Biosciences) has been
prospectively validated to stratify tumors into risk categories corresponding to a <5
or >70 % risk of metastasis at 5 years [34]. In this trial of 459 patients, GEP
classification was superior to other clinicopathologic criteria, including chromo-
some 3 status, in predicting the development of metastases. The five-year risk of
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metastasis in patients with tumors at lowest risk, GEP “Class 1A”; low risk, GEP
“Class 1B”; and high risk, GEP “Class 2” are 2, 21, and 72 %, respectively.

Recently, the genetic underpinnings of varying tumor behavior have become
more clear. William Harbour’s group discovered a gene on chromosome 3p,
BRCA-associated protein 1 (BAP1), that was frequently mutated in UM metastases
[17]. In vitro data suggest that BAP1 loss may lead to a more dedifferentiated
melanocyte, providing a plausible genetic link between the presence of monosomy
3 and the more aggressive clinical phenotype of these tumors [27].

More recently, tumors with disomy 3 have been shown to have increased fre-
quency of mutations in SF3B1 or EIF1AX that are mutually exclusive with BAP1
[16, 32]. Interestingly, a proportion of tumors with disomy 3 that had developed
metastases had SF3B1 mutations in a distinct codon than those seen in tumors
without metastases. Further research is ongoing to understand how these and other
genetic alterations impact clinical behavior.

2 Local Therapy

Historically, enucleation has been the primary treatment for uveal melanomas. More
recently, radiation therapy (RT) has been increasingly utilized in an effort to spare
the globe in these patients. Retrospective studies have reported equivalent rates of
local control, metastasis, and overall survival for RT and enucleation in
medium-sized melanomas [1, 4, 46]. Two broad categories of RT utilize either
proton beam or brachytherapy with plaque insertion. The only randomized, Phase III
trial (Collaborative Ocular Melanoma Study (COMS)) comparing enucleation with
RT utilized plaque Iodine-125 therapy in medium-sized tumors (apical height 2.5–
10 mm or basal diameter ≤16 mm). It demonstrated no difference in overall survival
at 5 and 12 years [12, 14]. A randomized COMS trial reported no mortality benefit
with combined neoadjuvant RT and enucleation for large tumors [18].

Overall, local therapy choices are guided by size of the primary tumor, location
relative to the macula, optic disk, or anterior segment, and comorbidities such as
visual status of the fellow eye or systemic vasculopathies. Despite improvements in
RT and surgical techniques, the rates of distant metastases and disease-specific
mortality remain unchanged [11].

3 Regional Therapy

The vast majority of patients with metastatic UM die of sequelae of hepatic
metastases. As a result, various combinations of surgery, hepatically directed
embolization, chemotherapy, and radiation therapy have been utilized as regional
therapy for hepatic metastasis.

Surgical resection is a potential option for a minority of patients with hepatic
metastases, particularly those with small-volume disease in one lobe. Published
reports suggest that patients with metastatic recurrence greater than 5 years from
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initial diagnosis can have prolonged recurrence-free intervals following surgical
debulking [3, 20]. A French study enrolled 75 patients into a prospective study of
laparotomy plus 6 months of hepatically directed intra-arterial chemotherapy with
fotemustine, dacarbazine, and/or platinum agents [41]. In the roughly one-quarter of
patients with curative resection, median OS improved from 9 months to 22 months.
This study suggested little, if any, benefit to surgical resection with grossly positive
margins [41].

Tumors in the liver are disproportionately perfused by the arterial system rather
than the portal system. Another regional treatment approach, transhepatic arterial
chemoembolization (TACE), utilizes microspheres to embolize the hepatic artery
and release drug directly into the liver. Various Phase II studies of TACE utilizing
cytotoxic agents such as cisplatin, carmustine, and mitomycin have demonstrated
objective responses in a minority of patients without the evidence of survival
benefit. Patients with lower hepatic tumor burden (<20–25 % involvement) appear
to derive more benefit from this approach [21, 35].

To date, two Phase III trials of hepatically directed chemotherapy have been
conducted: one trial randomizing 93 patients, 82 of whom had UM, to 4–6 treat-
ments of hepatic arterial infusion of melphalan versus best alternative care per
treating physician. The study was powered to detect a 4-month increase in hepatic
PFS at a level of 80 %. It met its primary endpoint of increasing hepatic PFS from
49 days to 245 days, albeit with notable toxicity. Three of 40 patients died related to
toxicity from hepatically directed treatment, and rates of Grade 3 or higher neu-
tropenia and thrombocytopenia were seen in 61 and 74 %, respectively. An
intent-to-treat analysis of overall survival showed no benefit, and this therapy did
not receive regulatory approval by the US Food and Drug Administration [38].

The second Phase III trial of hepatically directed chemotherapy utilized
intra-arterial versus intravenous of fotemustine in patients who had not received
prior therapy [28]. The study was originally designed to detect a hazard ratio
(HR) of 0.67 with 85 % power after 220 deaths. Due to poor accrual, an unplanned
interim analysis was performed after 134 deaths to assess futility. The study
demonstrated an increased response rate of 11 versus 2 %, but OS was unchanged,
with HR = 1.09 and a power of 79 %.

Other regional approaches are earlier in development. Sato and colleagues
reported a Phase I trial utilizing immunoembolization with granulocyte-macrophage
colony-stimulating factor [42]. Despite the fact that the maximum tolerated dose
was not reached, 10 of 31 patients had an objective response, and the median OS
was 14.4 months. A randomized Phase II trial of immunoembolization versus bland
embolization was subsequently completed, and the results are anxiously awaited.
Kennedy et al. [23] reported their retrospective experience of 11 patients with UM
and hepatic metastases treated with radioembolization utilizing Yttrium-90 micro-
spheres. All 11 patients had PET/CT responses with SUVs declining to less than 2,
and 8 of 10 evaluable patients survived to 1 year. A list of ongoing trials of
hepatically directed therapy are listed in Table 1.
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4 Systemic Therapy

4.1 Cytotoxic Treatment

Conventional cytotoxic chemotherapy has been ineffective in metastatic UM.
A retrospective review of 143 patients with metastatic UM treated at MD Anderson
noted 1 objective response [6]. Twelve prospective trials have treated 447 patients
with various systemic therapies, and the objective response rate ranged from 0 to
6 % [5, 7, 19, 25, 28, 30, 33, 37, 40, 43–45]. See Table 2 for further details of these
trials. Randomized trials in particular have proven challenging, with a Phase III trial
of intrahepatic versus intravenous fotemustine terminating early due to poor
enrollment [28] and the Phase II trial of sunitinib versus dacarbazine terminating
early following pre-planned futility analysis [30].

4.2 Immunotherapy

The immune checkpoint activator ipilimumab is approved for metastatic cutaneous
melanoma, but data in uveal melanoma are more limited. Multiple retrospective
analyses of heavily pretreated cohorts indicate clinical benefit for a subset of
patients [22, 24, 29, 31]. The largest series consisted of 83 patients and reported a
3-month disease control rate of 35 % and a median OS of 6 months [31]. Similar
results were reported in a series of 39 patients from Memorial Sloan Kettering
Cancer Center, Dana-Farber Cancer Institute, and University Hospital of Lausanne,
with a 3-month disease control rate of 46 % and a median OS of 9 months [29].

Thus far, no data have been presented regarding newer immune checkpoint
activators that target PD1 and PDL1 in patients with UM. Further study is needed to
define the role of immune checkpoint inhibitors in this disease.

Table 1 Trials utilizing hepatically directed therapy for uveal melanoma

Intervention Phase Sponsor/lead center Clinicaltrials.
gov ID

90-Y microspheres II Thomas Jefferson NCT01473004

Liver transplantation II Oslo University NCT01311466

Isolated hepatic perfusion
versus BAC

III Sahlgrenska University NCT01785316

Sorafenib + 90-Y
microspheres

I Centre Hospitalier
Universitaire Vaudois

NCT01893099

Ipilimumab + 90-Y
microspheres

0 Case Comprehensive Cancer
Center

NCT01730157

Y Yttrium; BAC Best alternative care
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4.3 Targeted Therapy

Recent insights into the mechanisms of UM tumor growth have provided novel
rational therapeutic strategies. Van Raamsdonk and colleagues reported two
mutually exclusive activating mutations in G-alpha subunits (GNAQ and GNA11)
of UM cells that resulted in constitutive signaling downstream of G-protein-coupled
receptors [52, 53]. Several downstream growth signaling pathways are thus
upregulated, including mitogen-activated protein kinase (MAPK), protein kinase C
(PKC), and phosphatidylinositol-3 kinase (PI3K)/Akt/mammalian target of rapa-
mycin (mTOR) [36]. This discovery has led to the development of a new generation
of clinical trials based upon preclinical work by our group and others demonstrating
the mutation-dependent anti-tumor effects of MEK, Akt, and PKC pathway inhi-
bition [2, 54].

We led a randomized Phase II trial of the MEK inhibitor selumetinib versus
investigator’s choice of chemotherapy (temozolomide or dacarbazine) that was the
first study to demonstrate clinical efficacy of any agent in a randomized fashion in
metastatic UM. PFS increased from 7 weeks with chemotherapy to 16 weeks with
selumetinib [9]. Sustained MAPK pathway inhibition was documented on tumor
samples after 14 days of selumetinib treatment. Specifically, phosphorylated ERK
(pERK) and cyclinD1, downstream effectors of MEK, were decreased by a median
of 48 and 76 %, respectively. Radiologic response to selumetinib was significantly
correlated with pERK inhibition, and there was a trend toward correlation between

Table 2 Selected clinical trials of systemic therapy in uveal melanoma

First author Phase Intervention n RR
(%)

PFS/TTP
(months)

OS
(months)

Kivelä (2003) II BOLD + IFNa2b 22 0 1.9 10.6

Bedikian (2003) II Temozolomide 14 0 1.8 6.7

Schmidt-Hieber
(2004)

II Bendamustine 9 0 NR NR

Schmittel
(2005)

II Cisplatin, Gemcitabine, Treosulfan 17 0 3 7.7

O’Neill (2006) II Dacarbazine, Treosulfan 15 0 3 6.9

Schmittel
(2006)

II Treosulfan ± Gemcitabine 48 2 2–3 NR

Penel (2008) II Imatinib 10 0 NR 10.8

Homsi (2010) II DHA-paclitaxel 22 4 3 9.8

Bhatia (2012) II Sorafenib + Carboplatin + Paclitaxel 25 0 4 11

Mahipal (2012) I Sunitinib 20 5 4.2 8.2

Leyvraz (2012) III Fotemustine (IV vs. HAI) 171 6 3.7–4.5 13–14.6

Sacco (2013) II Sunitinib versus Dacarbazine 84 4 2.8–3.9 6.4–8.7

RR response rate; PFS progression-free survival; TTP time to progression; OS overall survival; BOLD
Bleomycin, Vincristine, Lomustine, Dacarbazine; IV intravenous; HAI hepatic artery infusion; MO
months; DHA docosahexaenoic acid; NR not reported
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pERK inhibition and clinical benefit. Notably, for the 35 patients who crossed over
to selumetinib after progression with chemotherapy, no objective responses were
seen, and the rate of any tumor regression dropped from 50 to 23 %. This suggests
that the efficacy of MEK inhibition may be decreased in previously treated patients.

Limited results are available for another oral MEK inhibitor, trametinib, in 16
heavily pretreated patients with UM [15]. Trametinib achieved stable disease in
50 % of patients and demonstrated a clinical benefit rate of 25 % at 4 months with
no objective responses. This more modest response with trametinib may be
attributable to the fact that these patients had received a median of 3 prior therapies,
given our data with selumetinib following crossover from chemotherapy as noted
above.

Based on the progress afforded by MEK inhibition, additional clinical trials
building upon MEK as a backbone are under way. See Table 3 for a list of planned
or ongoing trials in UM. Several of these trials are based upon preclinical work
demonstrating that multiple pathways, including PKC and PI3K/Akt/mTOR, are
activated in UM and may underlie resistance to monotherapy with MEK inhibitors.

A randomized Phase II trial of dacarbazine with or without selumetinib will test
the hypothesis that MEK inhibition enhances the cytotoxic effects of chemotherapy
(NCT01974752). A Phase I trial of the PKC inhibitor AEB071 (NCT01430416) has
demonstrated a median PFS of 15.4 weeks (cite ASCO 2014 abstract found at
http://meetinglibrary.asco.org/content/128300-144; Piperno-Neumann et al).

Our group has demonstrated in preclinical models that adding an Akt inhibitor to
selumetinib produces a synergistic inhibitory effect on GNAQ mutant UM [2].
Based on these data, we have recently launched a randomized, multicenter Phase II
trial of the MEK inhibitor trametinib with or without the Akt inhibitor
GSK2141795 for patients with previously untreated metastatic UM
(NCT01979523). Boris Bastian’s group has shown that combined MEK and PKC
inhibition leads to synergistic inhibition of UM growth in vivo [10]. This has led to
a combination trial of AEB071 plus MEK162, another oral inhibitor of MEK1/2
(NCT01801358).

Table 3 Ongoing or recently accrued targeted therapy trials in uveal melanoma

Target(s) Intervention Phase Sponsor/lead
center

Clinicaltrials.gov
ID

MEK Dacarbazine ± Selumetinib II AstraZeneca NCT01974752

MEK, Akt Trametinib ± GSK2141795 II CTEP/MSKCC NCT01979523

MEK,
PKC

AEB071 + MEK162 I/II Novartis NCT01801358

PKC AEB071 I Novartis NCT01430416

PKC,
PI3Kα

AEB071 + BYL719 I Novartis NCT02273219

CTEP Cancer Therapy Evaluation Program; MSKCC Memorial Sloan Kettering Cancer Center
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Overall, the improved understanding of the molecular mechanisms underlying
UM growth has accelerated the pace of developing novel therapeutic strategies.
With continued preclinical insights to guide rational drug targets and these novel
multicenter clinical trials, there is reason to believe that major advances will be
made in treating patients with metastatic UM over the next several years.

5 Conclusion

The relative rarity of uveal melanoma has historically impeded progress in devel-
oping novel therapeutic strategies, with interventions extrapolated from cutaneous
melanomas. Over the past several years, it has become clear that melanomas arising
from the uveal tract are biologically distinct from cutaneous melanomas. Uveal
melanomas harbor distinct mutational patterns compared to cutaneous melanomas
that may underlie distinct responses to kinase inhibitors as well as cytotoxic and
immunologic agents. Given our increasing understanding of relevant molecular
targets for in uveal melanoma, future clinical trials promise to improve our ability to
treat patients with these tumors.
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Mucosal Melanoma: Epidemiology,
Biology and Treatment

Kristen R. Spencer and Janice M. Mehnert

Abstract
Mucosal melanoma is an exceedingly rare variant of cutaneous melanoma that,
due to its rarity, is poorly described and infrequently studied. Primary sites of
origin include the head and neck, anorectum and vulvovaginal regions. It is
uniquely different from cutaneous melanoma with respect to epidemiology,
etiology, pathogenesis and prognosis. The etiology and pathogenesis remain
unclear. Unlike cutaneous melanoma, exposure to UV light is not an apparent
risk factor. Furthermore, distinct molecular features including a lower incidence
of BRAF oncogene mutations but a higher incidence of KIT oncogene mutations
suggest divergent genetic etiologies. Mucosal melanomas generally present at a
later stage, are more aggressive and carry a worse prognosis regardless of the
stage at diagnosis. Establishing standardized treatment guidelines has been
challenging due to the rarity of the disease. Early detection provides the best
chance at survival but is often difficult due to anatomic location. Surgery remains
the primary therapeutic intervention if complete resection is technically feasible
given the anatomic location. Radiotherapy may be used to achieve local control
when resection is not feasible, or adjuvantly to enhance locoregional control, but
most studies have failed to demonstrate an improvement in overall survival.
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There are no consensus guidelines on the optimal systemic therapy, and
regimens are often extrapolated from data based on therapies used to treat
advanced cutaneous melanoma. Clinical trials, particularly utilizing newer
targeted therapies and immunotherapies, are investigating novel treatment
approaches.
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1 Introduction

Mucosal melanoma is an exceedingly rare variant of cutaneous melanoma [7, 14,
24, 29, 41, 45–49, 54, 57, 63], representing approximately 0.03 % of all cancer
diagnoses [38] and 1.3 % of all melanomas [3, 7, 9, 10, 14, 29, 31, 38, 41, 46, 48,
54–57]. It was first described in 1856 by Weber et al., but not classified as its own
distinct disease process until 1869 by Lucke [28, 38, 57]. Unfortunately, because of
its rarity, it is a poorly described and infrequently studied disease process, and as a
result there is a paucity of consistent data regarding its epidemiology, etiology and
pathogenesis, as well as limited data to support general recommendations regarding
its proper diagnosis and treatment [14, 28, 29, 46, 57].

Mucosal melanomas can arise from any mucosal surface [9, 14, 29, 31, 41, 45,
48, 55, 57], most typically the mucosal epithelium of the respiratory, alimentary and
genitourinary tracts, where melanocytes are present [3, 10, 28, 31, 41, 45, 47, 54,
57]. Primary sites of origin include the head and neck (55 %), the anorectum (24 %)
and the vulvovaginal region (18 %) [3, 7, 9, 10, 14, 29, 38, 41, 45, 47, 50, 54, 56,
57]. Less frequently, mucosal melanoma has been found in the urinary tract (3 %)
[3, 7, 10, 29, 46, 56, 57], as well as the tracheobronchial tree, esophagus, stomach,
small and large intestine, gall bladder and cervix [9, 10, 28].
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2 Etiology

Mucosal melanoma is a distinct entity from cutaneous melanoma with respect to
epidemiology, etiology, pathogenesis and prognosis [24, 26, 28, 29, 41, 46, 48, 49,
54, 55, 57]. While the incidence of cutaneous melanoma is rapidly increasing in the
United States, the incidence of mucosal melanoma appears stable [9, 10, 21, 25, 29,
41, 46, 48, 56, 57]. In general, patients with mucosal melanoma present at a much
later age, about one to two decades later than cutaneous melanoma [14, 29, 46, 54],
with a majority of cases reported between the ages of 50–80 [10, 14, 28, 29, 31, 38,
41, 45, 54, 56, 63], and a median age at diagnosis of 70 [9, 21, 46, 48]. Females are
diagnosed more often than males [7, 9, 10, 14, 21, 28, 29, 31, 41, 46, 48, 56], in
many reports up to twice as often [9, 14, 29, 41, 48], due to cases of vulvovaginal
disease, with estimated prevalence in the United States at 2.8 cases per million
women versus 1.5 cases per million men [29, 41]. Notably, a slight male pre-
dominance in cases of the head and neck mucosal melanoma subtypes has been
suggested [14, 45, 46]. Overall mucosal melanoma does not seem to have a racial
predilection, although it makes up a higher percentage of overall melanoma cases
diagnosed in Black, Asian and Hispanic populations, likely reflecting the lower
incidence of cutaneous melanoma in these populations. It has also been described
that considered separately, mucosal melanoma of the oral cavity may be more
common in Black and Japanese populations [9, 10, 38].

The etiology and pathogenesis of mucosal melanoma remain unclear [14, 38, 41,
46]. To date there are no clearly established risk factors for its development [7, 9,
14, 48, 57]. Unlike cutaneous melanoma, the common anatomic locations for
mucosal melanoma preclude exposure to UV light as a risk factor [7, 9, 14, 21, 24,
26, 28, 29, 38, 41, 46, 48, 54, 56, 57]. There is no definitive evidence that common
carcinogens such as tobacco and formaldehyde, or exposure to carcinogenic viruses
such as the human papilloma viruses, human herpes viruses or polyomavirus have a
role in its pathogenesis [7, 29, 38, 41, 48, 54]. Nevertheless, some studies have
suggested various correlations between the mucosal melanoma subtypes and vari-
ous predisposing risk factors, though strong evidence for any of these correlations is
lacking [9]. Melanocytes have an established role in the sinonasal region in the
metabolization of polycyclic aromatic hydrocarbons, suggesting a link between
inhaled environmental and immune factors and the development of sinonasal
mucosal melanoma [9, 38, 46, 57]. Because of the higher incidence of oral cavity
mucosal melanoma in the Japanese population, some researchers have suggested a
correlation between this particular subtype and unidentified common hereditary or
environmental factors [38, 41, 46, 54, 57, 63]. In addition, up to one third of oral
cavity mucosal melanomas appear to be preceded by melanosis, which has been
suggested to represent the radial growth phase prior to the vertical growth phase [9,
38, 41, 43, 45, 46, 48, 54, 57, 63], a phenomenon reported in head and neck
mucosal melanoma as well [43, 57]. Although no direct correlation has been
established, 66 % of patients with laryngeal or pharyngeal mucosal melanoma have
a history of smoking [38]. Anorectal mucosal melanoma appears to be more
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prevalent in patients with HIV [9, 28, 54, 63]. Finally, vulvovaginal mucosal
melanoma has been suggested to be associated with chronic inflammatory condi-
tions, viral infections and chemical irritants. Genetic factors may also play in the
development of vulvovaginal disease, as 15 % of patients with vulvar mucosal
melanoma provide a family history of cutaneous melanoma, and one study reported
a patient with vulvar mucosal melanoma with a germline mutation in the mela-
nocortin type I receptor [9, 46, 54].

3 Molecular Biology

Mucosal melanomas have distinct molecular features that suggest divergent genetic
etiologies (see Fig. 1) [8, 29, 31, 41, 46, 49, 54]. Studies of comparative genomic
hybridization have shown distinct chromosomal aberrations such as gains of 1q, 6p
and 8q [29, 54], gain of function mutations such as K642E, L576P, D816H and
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V559A [38, 54] and amplifications of the 4q12 locus [54]. While the incidence of
activating mutations in the BRAF oncogene is quite common in cutaneous mela-
noma, it appears to be rare in mucosal melanoma, with an incidence estimated at
10 % [3, 7–9, 19, 29, 38, 41, 46, 48–50, 54, 56, 61]. More salient from a treatment
perspective is that mucosal melanomas appear to have a high incidence of acti-
vating mutations and/or amplifications in the KIT oncogene. Curtin et al. first
demonstrated the presence of KIT mutations in mucosal melanomas and estimated
the rate of these mutations to be 39 %, while similar mutations were found in cases
of non-chronic, sun damaged cutaneous melanoma cases [3, 12, 38, 41, 50, 54].
Beadling et al. found KIT mutations in 15.6 % of mucosal melanoma cases studied
[4, 41, 62]. Finally, Carvajal et al. reported that of 295 tumor samples screened for
the presence of KIT mutations or amplifications, abnormalities were found in 25 %
[9, 48], a rate of KIT mutations and/or amplifications that has been similar across
multiple reports [7–9, 19, 24, 26, 29, 31, 38, 39, 48–50, 54, 61, 62].

4 Prognosis

Mucosal melanomas are often aggressive and carry a worse prognosis, regardless of
the stage at the time of diagnosis [3, 9, 14, 22, 26, 28, 29, 31, 32, 38, 41, 45, 46, 48,
54–57, 62, 63]. In contrast to cutaneous melanomas, mucosal melanomas more
frequently are amelanotic and present in a multifocal fashion [2]. While different
staging systems are in place for mucosal melanomas of different primary sites, a
generalized staging system can be utilized as follows: Stage I, clinically localized
disease; Stage II, regional nodal involvement; and Stage III, distant metastatic
involvement [2]. The often concealed locations of mucosal melanoma present a
challenge for routine screening and result in frequent presentations of advanced
disease [3, 9, 14, 22, 26, 28, 29, 31, 32, 38, 41, 45, 46, 48, 54–57, 62, 63]. In
addition, unique to these anatomic locations are vast vascular and lymphatic net-
works in close proximity to the primary tumor, allowing for diffuse spread [9, 14,
28, 29, 46, 54, 57], with approximately one third of patients having nodal
involvement at diagnosis [10, 14, 29, 38, 45, 46]. Local treatment failure is com-
mon [48, 54, 55], with recurrences rates suggested to be as high as 50–90 % even
with complete surgical resection [9]. Local recurrences are considered a harbinger
for simultaneous or subsequent metastatic spread [43, 48, 54]. In all likelihood,
most patients have micrometastatic disease at the time of presentation, resulting in a
disease course characterized by local recurrences followed by metastatic disease,
even despite aggressive surgical resection and adjuvant therapy [3, 7, 14, 29, 31, 32,
38, 46, 48, 54, 55, 57]. Thus, even for patients with presumed early-stage disease,
the prognosis is poor, with 5 year survival rates of only 25 % [3, 9, 10, 22, 28, 29,
31, 32, 38, 43, 45, 46, 54, 55].
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5 Treatment

Establishing guidelines for the clinical course of mucosal melanoma has been
challenging due to the rarity of the disease. This renders conducting large, ran-
domized, controlled trials to investigate various treatment modalities in this par-
ticular melanoma subtype difficult [3, 7, 14, 29, 46, 54], thus standards of care have
not been formulated. As well, assumptions regarding the natural history and
appropriate management of mucosal melanoma are based on retrospective case
series, which are often limited by small numbers of cases and inconsistent treatment
regimens [29, 43, 48]. Like most malignancies, early detection still provides the
best chance at survival, but is difficult as previously discussed [14, 45, 46, 54].
Surgical considerations are often dictated by the anatomic location of the tumor,
with adjuvant radiotherapy a consideration for local control. Limited data exist
concerning adjuvant systemic therapy for the disease, and systemic treatments for
distant disease often follow established paradigms for cutaneous melanoma [7, 14,
28, 29, 31, 41, 57], unless targets unique to mucosal melanoma are discovered
within the primary or metastatic tumor.

5.1 Surgery

Surgery remains the primary therapeutic intervention for mucosal melanoma [9].
Regardless of subtype, when technically feasible, complete resection for local
control provides the best chance at prolonged disease-free survival and cure,
especially in light of the lack of effective systemic treatment options [9, 10, 14, 28,
46, 54, 57]. Unfortunately, complete resection is often challenging due to the
anatomy of the commonly involved regions and the tendency for these tumors to
have a lentiginous growth pattern [9, 14, 31, 48, 54, 55, 57]. Historically, the
surgical management of mucosal melanoma involved radical procedures such as
abdominoperineal resections (APR) for anorectal disease and pelvic exenteration
for vulvovaginal disease [7, 9, 32, 48]. These operations resulted in significant
morbidity and functional impairments [7, 9, 32]. While studies have shown
improved local control with aggressive surgical resection, retrospective reports
suggest they confer no overall survival benefit over more conservative techniques
[7, 9, 32, 48]. Furthermore, because most patients will develop local recurrences
and ultimately metastatic disease regardless of the intervention chosen, multiple
additional considerations such as patient preference and quality of life often become
more relevant considerations [9, 14, 32, 48, 57]. Thus, in general, conservative
procedures by way of wide local excisions have replaced aggressive procedures as
primary management [9, 48]. In addition, recent evidence has suggested that
less-invasive endoscopic resections may be a feasible alternative for achieving
aggressive local control with less morbidity for patients. This may become par-
ticularly relevant for patients with multiple local recurrences requiring repeat
resections and patients with multifocal disease [9].
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Lymph node status remains a controversial topic when discussed in relationship to
mucosal melanoma. Unlike cutaneous melanoma, where lymph node status is a vital
prognostic factor, the implications of lymph node status in cases of mucosal mela-
noma are less apparent. Toward that end, there is no widely accepted standard of care
for the management of lymph nodes in mucosal melanoma [9]. As with other types of
malignancies, evaluation of the sentinel lymph node has become routine in cases of
cutaneous melanoma [9]. While this is often feasible in cases of mucosal melanoma,
because of the uncertainty surrounding the prognostic importance of a positive
finding, the role of sentinel lymph node biopsies remains undefined. Moreover, in
light of the known course of this disease to involve frequent recurrences and distant
metastases despite aggressive therapy, the question of if and how a positive sentinel
lymph node should change subsequent therapy remains [9, 48]. Similarly, while
most are in agreement that therapeutic lymph node dissection is reasonable to address
clinically apparent, bulky or symptomatic disease, the performance of prophylactic
lymphadenectomy is falling out of favor [14]. Anatomic location of a mucosal
melanoma also influences surgical treatment options, as summarized below.

5.1.1 Mucosal Melanomas of the Head and Neck
Mucosal melanoma of the head and neck region constitutes 55 % of all mucosal
melanomas, but <10 % of all melanomas of the head and neck region [3, 7, 9, 10, 14,
28, 29, 38, 41, 45, 47, 50, 54, 56, 57]. A majority of these tumors are found in the
sinonasal regions (*55 %), while the rest are located in the oral cavity (25–40 %) [9,
28, 38, 41, 46–48, 54, 56, 57]. Among sinonasal cases, approximately 80 % are
located in the nasal cavity itself, most commonly the turbinates and lateral nasal wall
[9, 28, 38, 41, 43, 46, 54], while 20 % occur in the paranasal sinuses, most com-
monly the maxillary and ethmoid sinuses, followed by the frontal and sphenoid
sinuses [9, 28, 38, 41, 46, 54]. Lesions in the oral cavity are most commonly found in
the large palate and upper alveolus [9, 28, 38, 41, 46, 47, 54, 57]. Lesions within the
larynx or pharynx are extremely rare, with only sixty cases reported in the literature.

Table 1 AJCC staging of melanoma of head and neck

Stage III T3N0M0

Stage IVA T4a*N0M0
T3* or T4a, N1, M0

*T3 Mucosal disease
*T4a Moderately advanced disease involving the deep soft tissue, bone,
cartilage, or overlying skin

Stage IVB T4b*, Any N, M0

Stage IVC Any T, Any N, M1

*T4b Very advanced disease involving the brain, dura, skull base, lower cranial
nerves (IX, I, XI, XII), masticator space, carotid artery, prevertebral space or
mediastinal structures
N1 Regional nodal disease present
M1 Distant disease present [9, 16, 43, 47]

*signify AJCC definition of what T3 or T4a/b means.
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These tumors are most commonly located in the supraglottic region (62.2 %) fol-
lowed by the vocal cords (37.8 %) [28, 38, 41, 46].

The American Joint Committee on Cancer (AJCC) staging system for head and
neck mucosal melanoma is often utilized, beginning at stage III (see Table 1). The
primary therapeutic modality is complete surgical resection for mostly localized
stage III and IVA disease [3, 14, 41, 43, 46–48, 54, 57, 63]. The type of surgical
approach used is dependent upon the location and extension of the tumor, but the
goal is negative margins with minimal cosmetic or functional derangements [43,
47]. Surgery is not advised for very advanced stage IVB or metastatic stage IVC
disease aside from attempting to achieve local control for symptomatic purposes
[47, 48]. Unfortunately, achieving melanoma-free margins is often procedurally
challenging due to the anatomical complexity of the region and the close proximity
of critical anatomic structures [41, 43, 44, 48, 54, 57, 63]. The primary approach
should be accompanied by appropriate surgical reconstruction for the area [14, 48,
54, 57]. However, rates of recurrence and widespread disease remain high [43, 48,
57]; it is thus difficult to justify the use of radical surgical procedures in a majority
of patients, and morbidity should be a prime consideration [43]. In the setting of
local recurrence, repeat surgical resections may be considered, but only after per-
forming an extensive re-staging work-up [48]. For the multitude of reasons above,
endoscopic resections are being performed more frequently to avoid the morbidity
associated with open procedures [43, 48].

As discussed previously, although biopsy of the sentinel lymph node is tech-
nically feasible in head and neck mucosal melanoma, because of the uncertain
prognostic implications provided by the sentinel node and the ambiguity of how it
guides further management, its role in diagnosis is still under investigation [9, 27,
48, 54]. Unlike many other malignancies, the clinical significance of detecting a
positive sentinel lymph node remains uncertain, as there are no clear data to suggest
that outcomes are improved if management is altered to address discovered nodal
disease [48]. The role of prophylactic lymph node dissection is contested as well. It
is often recommended in cases of oral cavity mucosal melanoma because of the
high incidence of lymph node involvement, but in cases of sinonasal disease, where
the lymph nodes are less commonly involved, elective dissection is not routinely
recommended [47, 54]. There is also evidence to suggest that, even in cases of oral
cavity melanoma, prophylactic neck dissection does not change ultimate outcomes
[48, 57]. Therapeutic neck dissection is considered in patients with clinically evi-
dent nodal disease for the purposes of local control and to address symptomatic
concerns [47, 48, 57]. Much like elective lymph node dissection, there is no
compelling evidence to suggest therapeutic dissection results in an overall survival
benefit, even in patients without an eventual lymph node recurrence, suggesting that
this procedure should be reserved for patients with clinically apparent nodal disease
requiring local control, and not done empirically [48, 57].
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5.1.2 Mucosal Melanomas of the Anus and Rectum
Anorectal mucosal melanoma represents 24 % of all mucosal melanomas, but <1 %
of all malignant tumors of the anorectal region [3, 7, 9, 10, 14, 28, 29, 32, 38, 41,
45–47, 50, 54, 56, 57, 63]. The area known as the transitional zone of the anal canal
harbors a variety of epithelial cells, including squamous-type, and the presence of
melanocytes is known here, particularly beneath the dentate line [7, 28, 46, 54, 57].
The concentration of melanocytes increases distally from the dentate line toward the
anoderm. For this reason, it is presumed anorectal mucosal melanoma arises within
melanocytes distal to the dentate line, then has a tendency to extend proximally into
the rectum [7, 28, 46, 54, 57]. There are rare cases of melanocytes present in the
intestinal mucosal epithelium above the dentate line in normal patients, thus,
melanoma at times can arise in the proximal anus or distal rectum [7, 54]. It is
important to note, however, that only 1/3 of anorectal mucosal melanomas are
pigmented, and that the presence of amelanotic melanoma is an adverse prognostic
sign. Mucosal anorectal melanomas must be differentiated from anal melanomas of
cutaneous origin, as the latter are more likely to behave like typical cutaneous
melanomas. Approximately one third of anorectal mucosal melanoma cases are
thought to originate within the anal canal, while 42 % arise from the rectum and
25 % have an indeterminate origin [9, 48]. Perineural invasion, tumor size, and
thickness have also been found to be adverse prognostic factors.

Similarly to head and neck mucosal melanoma, the mainstay of treatment for
anorectal melanoma is surgical resection, though there is no standard of care or
agreed upon optimal approach as in colorectal carcinoma [7, 46, 50, 54, 57, 63].
Historically more aggressive surgical approaches were considered to be superior,
and abdominoperineal resection (APR) was the standard of care [7, 9, 32, 48]. Once
retrospective reviews of clinical outcomes data were available, and it was suggested
that the extent of the surgical intervention did not significantly improve overall
survival [7, 9, 14, 32, 46, 48, 54, 57], more conservative, sphincter-sparing, wide
local excisions became the procedure of choice [7, 14, 32, 41, 48, 54, 57]. There has
been some suggestion that performing an APR improves local control and recur-
rence rates over wide local excisions, but the benefit of that control appears limited.
Local recurrence rates have been estimated at 8 % with APR versus 20 % with wide
local excision, but as stated, this has not resulted in an improvement in overall
survival [7, 14, 32, 41, 46, 48, 54, 57]. Furthermore, on multivariate analysis, type
of resection was not shown to be significantly associated with prognosis [57].

The goal, of course, remains to achieve negative surgical margins if feasible, as
studies have suggested a survival benefit in patients where negative margins are
obtained. One study showed a 5-year survival rate of 19 % in patients with negative
surgical resection margins, versus 6 % in those with positive margins [7]. APR
remains an option for patients with bulky locally confined disease, and in some
patients with local recurrences after conservative excision, though it still confers
high morbidity and functional limitations [14, 32, 54]. As in the other subtypes of
mucosal melanoma, because most patients develop recurrences and distant disease
regardless of primary surgical intervention, and because of the aforementioned
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controversy over the impact of the extent of surgery on clinical outcomes, quality of
life considerations should be a top priority [7, 32, 48].

The diagnostic and therapeutic considerations surrounding lymph nodes in cases
of head and neck mucosal melanoma translate to cases of anorectal melanoma.
Nodal involvement is also of uncertain prognostic significance in this mucosal
melanoma subtype, as studies have suggested that regional lymph node metastases
have not affected disease recurrence or survival rates. Additionally, data suggest
prophylactic lymph node dissection is not associated with improved long-term
prognosis. Thus, there is no established role for sentinel lymph node biopsy or
indication for elective lymph node dissection [7, 9, 48, 57]. Therapeutic lym-
phadenectomy should be offered in cases of clinically apparent disease. It should be
noted, however, that because the lymphatic drainage of the anorectum differs by
tumor location, either superficial inguinal lymph nodes or hypogastric and obturator
lymph nodes (and subsequently the sigmoid and peri-aortic rectal groups) may be
involved [48, 57]. Thus, there may be significant morbidity associated with such
lymph node dissections.

5.1.3 Mucosal Melanomas of the Vulva and Vagina
Vulvovaginal mucosal melanoma represents 18 % of all mucosal melanomas, while
vulvar melanoma accounts for 10 % of all vulvar malignancies and vaginal <3 % of
all vaginal malignancies [3, 7, 9, 10, 14, 21, 22, 28, 29, 38, 41, 45–47, 50, 54, 56,
57, 63]. Melanoma of the cervix and uterus are quite rare [28, 41, 46]. Vulvar
melanomas vastly outnumber vaginal melanomas, with <5 % of vulvovaginal
mucosal melanomas arising from the vagina [9, 21, 22, 41, 46, 48, 54]. Some
reports suggest up to 20 % of cases are multi-focal, and the precise site is
unidentifiable [9, 41, 54]. This is also complicated by the fact that vulvar mela-
nomas may extend to the mucocutaneous vaginal border, obscuring the primary site
of origin [46]. Of vulvar melanomas, most cases arise from the labia minora,
clitoris, or inner labia majora [9, 22, 41, 46, 57, 59, 63]. The periurethral area and
vaginal introitus are less commonly involved [26, 41, 57, 63]. Of vaginal mela-
nomas, most are confined to the lower third of the vagina and the anterior wall [5, 9,
17, 28, 41, 46, 57, 63]. Bleeding, discharge, and palpation of a discernible mass are
common presenting signs [5, 17, 59]. Vulvar melanomas are actually staged
according to the 2002 TNM staging system for melanoma, whereas vaginal mel-
anomas are staged by the generalized staging system discussed earlier in this
chapter [5, 46, 59]. Five year survival rates for vulvar melanoma range from 24 to
77 %, and are poorer for vaginal melanoma, with rates of 5–25 % [5, 59].

Similar to anorectal melanoma, aggressive surgical approaches were the standard
of care in the past, and among the options were vulvectomy, vaginectomy,
urethrocystectomy, radical hysterectomy and pelvic exenteration [9, 14, 21, 22, 41,
46, 48, 54, 57]. As with anorectal melanoma, though studies have shown improved
local control with these more aggressive approaches, retrospective data suggests
they result in no significant improvement in overall survival as compared to more
conservative, wide local excisions, thus they have fallen out of favor [9, 14, 21, 22,
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41, 46, 48, 54, 57, 59]. In light of the high rates of local recurrence and metastatic
spread, the benefit of improved local control is called into question, making patient
preference and functional deformity important considerations [9, 14, 48, 57].
Unfortunately, obtaining negative margins without aggressive surgical procedures
may be technically difficult due to the multifocality of these tumors and the ana-
tomic constraints of the region [57]. In general, 1 cm margins should be obtained
for small melanomas <1 mm; 2 cm margins can be entertained for patients with
larger tumors, if possible. When wide local excision is not technically feasible,
more aggressive approaches may be judiciously considered, or excision may be
combined with adjuvant radiation in the setting of close or positive margins [41].
Cervical and uterine mucosal melanomas are generally still treated with radical
procedures such as radical hysterectomies and vaginectomies with lymphadenec-
tomies [28, 41].

Again, the issue of lymph node management in vulvovaginal mucosal melanoma
is unclear [48]. However, sentinel lymph node mapping is feasible in patients with
vulvar melanoma and recommended by some experts [35], although studies have
yielded conflicting results regarding the prognostic relevance and effects on overall
survival [21, 48]. While prophylactic lymph node dissection may reduce the chance
of recurrence in the lymph node bed, it does not appear to impact outcomes [21, 54,
57]. Lymphadenectomy may be considered on a therapeutic basis in the setting of
clinically apparent or symptomatic disease [48]. In contrast, sentinel lymph node
mapping for vaginal melanomas is likely to be difficult given the complexity of
lymph node drainage to the pelvic and/or inguinal basins, and cannot routinely be
recommended [35].

5.1.4 Mucosal Melanomas of Other Rare Sites
Mucosal melanoma has been reported in a number of exceedingly rare sites,
including the tracheobronchial tree, esophagus, stomach, small and large intestine,
biliary tract, and urinary tract. Primary melanoma of the lung, specifically the
tracheobronchial tree is extremely rare, with only approximately thirty cases
reported in the literature [28, 41]. The treatment of choice is lobectomy and
pneumonectomy in conjunction with lymph node resection. The role of adjuvant
therapies, including both radiotherapy and chemotherapy, is undefined [41].
Mucosal melanoma of the esophagus is also rare, representing 0.1–0.2 % of all
esophageal malignancies [28, 41, 46, 63] with just over 300 cases reported as of
2011 [63]. It is predominantly confined to the middle and lower parts of the
esophagus, with only 10 % of cases located in the upper third [28, 41, 57, 63].
Radical surgical resections with nodal dissections are often the chosen primary
treatment, though they have not been demonstrated to improve survival [28, 41, 46,
57]. Adjuvant therapy has been used in these cases in a palliative role [41]. Mucosal
melanoma of the stomach constitutes 2.7 % of mucosal melanomas of the GI tract,
with <20 cases reported in the literature [41]. Melanoma of the small intestine
comprises 2.3 %, and is most commonly located in the ileum [41]. Melanoma of the
biliary tract represents 1.4 % of mucosal melanomas of the GI tract, with only nine
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cases of bile duct and thirty cases of gallbladder melanoma reported [28, 41].
Finally, mucosal melanoma of the large intestine makes up 0.9 %, with only twelve
cases reported to date [41]. Surgery is still the mainstay of therapy, and as is the
trend in mucosal melanoma, has not improved overall survival [41].

Mucosal melanoma of the urinary tract includes melanomas of the urethra and
bladder. Urethral melanoma represents 3 % of all mucosal melanomas, and only
4 % of all urethral malignancies, with only about 25 cases in males and 40 cases in
females reported [28, 41, 46, 63]. There have only been around 20 cases of bladder
melanoma reported [28, 41]. Urethral melanoma is most commonly located in the
distal urethra, followed next in frequency by the meatus [41, 46, 57, 63]. Thus,
treatment typically involves partial penectomy or urethrectomy with or without
inguinal lymph node dissection. In the cases of more proximal urethral lesions,
radical cystoprosto urethectomy or anterior exenteration may be required [46]. The
optimal extent of surgery still remains undefined, and additional options have been
used in female patients including radiotherapy and cryosurgery [41, 46]. Bladder
melanoma is predominantly treated with surgical resection [41]. Regardless of
approach used, the survival benefit is limited [46].

5.1.5 Radiotherapy
Radiotherapy may be used to achieve local control in patients with mucosal mel-
anoma for whom surgical resection is not possible, or to enhance control after
surgery particularly when resection is suboptimal, a not infrequent occurrence given
the anatomic locations of these tumors. Most studies have failed to demonstrate an
improvement in overall survival with adjuvant radiotherapy, although these findings
are complicated by the fact that there is a tendency for radiotherapy to be favored in
more advanced cases [9, 43]. Radiation is also clearly useful for most of these
tumors in the palliative setting to control symptomatic local disease [41, 46, 57].
Multiple ongoing studies to investigate newer technologies that are capable of more
precise delivery of radiotherapy such as protons and heavy ions that take advantage
of higher linear energy transfer [9] may better define the role for radiation in the
upfront management of these tumors.

With regard to mucosal melanomas of the head and neck, most clinicians agree
on the use of adjuvant radiotherapy when surgery is not appropriate or feasible, and
in the setting of extracapsular disease, two or more nodes involved, large nodes
(3 cm or greater), positive or close margins and in the setting of residual disease or
recurrence after primary surgical resection [43, 46, 47, 54, 57], and on omission of
RT in clinically sensitive locations such as the eye. While several studies have
accounted improved local control with the addition of radiotherapy, overall survival
is not significantly affected [41, 43, 47, 48, 54, 57]. The use of prophylactic
radiotherapy without clinically apparent disease post-operatively or in the above
indications is contested, with some recommending post-operative radiotherapy in
almost all cases because of the high risk of potentially devastating local recurrence,
while others argue against its use as it has not been demonstrated to improve
recurrence rates even in spite of that risk [54]. Although not an exclusive test of
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radiotherapy in mucosal melanoma, the Trans-Tasman randomized trial of radio-
therapy or observation after lymphadenectomy for patients with high-risk mela-
noma can safely be extrapolated to mucosal presentations. This trial demonstrated a
significant improvement in LR recurrence (HR 0.56), but without improvements in
RFS or OS. The fractionation used in the RT arm was 48 Gray (Gy) in 20 fractions
[6]. With respect to additional reports of optimal dosing and fractionation, a series
of 28 patients reported a 49 % local control rate at 3 years using a treatment
schedule of 50–55 Gy in 15–16 fractions; a similar 44 % local control rate was
achieved in 25 patients treated with 8 Gy on days 7 and 21 [18, 23]. Of note,
Moreno et al. reported standard fractionation at a dose greater than 54 Gy resulted
in superior results as compared to a hypofractionated schedule, with locoregional
failure rates of 54.6 % versus 100 % respectively [43]. Some retrospective studies
noted better local control with modification of dose schedule, whereas others note
both improved local control and overall survival [9, 43].

Importantly, radiotherapy has also been useful as an adjunct to sphincter-sparing
local excision in anorectal melanomas, as an alternative to APR in order to preserve
quality of life [32, 41, 48], although even in reports of high local control rates,
5 year survival remains low [30]. Similarly in patients with vaginal melanomas,
where pelvic exenteration would be required for complete excision with unclear
impact on survival, radiation may be an important tool to enhance local control
when used adjuvantly and may reduce morbidity if used in the neoadjuvant setting.
The fractionation schedule for radiation used for anal or vulvovaginal melanoma is
based on patient and tumor anatomy with careful consideration of expected acute
and chronic toxicities; with standard fractionation schedules used in the adjuvant or
neoadjuvant setting and hypofractionation used primarily in the palliative or limited
postoperative setting. However, no improvement in overall survival in vaginal or
vulvovaginal melanoma has been reported in two recent studies, respectively [17,
33]; as such the role of radiation is largely to palliate local or metastatic disease.

5.2 Systemic Therapy

There are no consensus guidelines on the optimal systemic therapy for mucosal
melanoma. Most conclusions regarding systemic therapies to date are based on case
reports on a limited number of patients [3, 22, 32]. As a result, systemic therapy
regimens vary widely [3, 22, 32] and are extrapolated from data based on therapies
used to treat advanced cutaneous melanoma [3, 9, 50]. Contributing to the ambi-
guity is that many past and ongoing studies have excluded patients with mucosal
melanoma [3]. Even still, with limited data available, no systemic therapy has been
shown to significantly improve outcomes [9, 14, 19, 31, 57]. As it stands, the
medial overall survival reported with most treatment regimens is 4.9–9.7 months
[25]. Chemotherapy, targeted therapies and immunotherapies have each been
examined in small studies (Table 2) and form the basis of ongoing clinical trials
examining novel approaches.
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5.2.1 Chemotherapy
The benefit of adjuvant chemotherapy in mucosal melanoma is unclear. There has
been some experience among these patients with cisplatin and interferon, but
outcomes in general show limited benefit. Some studies even suggest a possible
decrease in survival rates in cases where these agents have been tried [46, 57].
However, as mentioned above, systematic trials of chemotherapy regimens
specifically involving mucosal melanoma patients are lacking [54]. In a single study
of 189 Chinese patients with resected mucosal melanoma, chemotherapy prolonged
relapse free survival versus interferon or observation (20.8 vs. 9.4 and 5.4 months)
and significantly increased overall survival (49 vs. 40 and 21 months) [36].

There are limited data regarding the efficacy of additional chemotherapeutic
agents in mucosal melanoma patients, and while some retrospective series suggest
these therapies produce responses in these patients equivalent to those seen in cases
of cutaneous melanoma, others have demonstrated mucosal melanoma patients have
worse outcomes in similar dacarbazine-based regimens [9, 48]. A trial examining the
combination of chemotherapy with bevacizumab in advanced patients is under way
(Table 3). Small retrospective series exist reporting antitumor activity of
biochemotherapy based regimens similar to those in cutaneous melanoma [3, 32].
Kim et al. reported the retrospective evaluation of cisplatin, vinblastine, dacarbazine,
IFN-a 2b and/or IL-2 in patients with anorectal mucosal melanoma [3, 22, 32, 48]. Of
18 treated patients, 8 patients (44 %) had major responses, including two (11 %) with
complete responses. Median time to progression of evaluated patients was
6.2 months and the median overall survival was 12.2 months. Prolonged survival was
seen in a subset of treated patients ranging from 14.0 to 43.7 months, and response
rates were highest in those who received treatment first line [32, 48]. Harting et al.
looked at eleven patients with advanced vulvovaginal mucosal melanoma treated
with biochemotherapy in the first line, with roughly a third of the patients achieving a
partial response, and median follow-up at 10 months demonstrating median overall
survival of 10 months [22, 48]. Finally, a third study by Bartell et al. evaluated
variations of the above regimen in fifteen patients with advanced head and neck
mucosal melanoma, demonstrating four patients (27 %) with complete responses and
three patients (20 %) with partial responses. The median time to progression was
10 months, though again a longer time to progression (50 months) was observed
among responding patients; median overall survival was 22 months [3, 48].

These studies discussed suggest response rates in advanced mucosal melanoma
patients that parallel rates in cutaneous melanoma patients treated with comparable
regimens [48]. Unfortunately, a phase three trial of patients with cutaneousmelanoma
treated with identical biochemotherapy regimens failed to confirm a survival benefit,
and significant toxicity is sustained; the authors of these studies concluding that this
approach could be considered in judiciously selected patients [3, 22, 48]. While this
introduces doubt into the strength of evidence in favor of biochemotherapy, it also
hints at the possibility that, like other alternative therapies, there is a subset of mel-
anoma patients that may derive benefit from these regimens [3, 48].
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Targeted Therapies
A better comprehension of the pathogenesis of mucosal melanoma, in particular its
molecular aberrations, has provided important insights into targets for future ther-
apies [9, 29, 54, 62]. As mentioned previously, a large portion of mucosal

Table 3 Mucosal melanoma trials in progress (Ongoing and Planned)

Trial name Phase Agent Conditions

A phase II trial of PLX3397 in the treatment
of KIT mutated advanced acral and mucosal
melanoma

II KIT
inhibitor

Advanced acral
melanoma
Advanced mucosal
melanoma

A randomized phase II study evaluating the
activity of bevacizumab in combination with
carboplatin plus paclitaxel in patients with
previously untreated advanced mucosal
melanoma

II VEGF
inhibitor

Metastatic mucosal
melanoma

A phase II trial of Nilotinib in the treatment
of patients with c-KIT mutated advanced
acral and mucosal melanoma

II Tyrosine
kinase
inhibitor

Advanced mucosal
lentiginous
melanoma
Advanced acral
lentiginous
melanoma

A phase II trial of dasatinib in patients with
unresectable locally advanced or stage IV
mucosal, acral and vulvovaginal melanomas

II Tyrosine
kinase
inhibitor

Locally advanced or
metastatic mucosal
melanoma
Locally advanced or
metastatic acral
melanoma

A phase II study of imatinib in patients with
mucosal or acral/lentiginous melanoma and
melanomas that arise on chronically sun
damaged skin

II Tyrosine
kinase
inhibitor

Acral melanoma
Mucosal melanoma
Melanoma of
chronically sun
damaged skin

A phase II study of SU011248 in patients
with metastatic mucosal or acral/lentiginous
melanoma

II Tyrosine
kinase
inhibitor

Metastatic mucosal
lentiginous
melanoma
Acral lentiginous
melanoma

Phase II study of Nilotinib in metastatic
melanoma with KIT aberrations

II Tyrosine
kinase
inhibitor

Metastatic
melanoma with
c-KIT Aberrations

A phase II study of Nilotinib (AMN107) in
TKI resistant or intolerant patients with
metastatic mucosal, acral or chronically sun
damaged melanoma

II Tyrosine
kinase
inhibitor

Metastatic acral
melanoma
Metastatic mucosal
melanoma
Melanoma of
chronically sun
damaged skin
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melanomas, regardless of subset, have mutations and/or amplifications in the KIT
oncogene which encodes for a receptor tyrosine kinase protein involved in multiple
processes of cell division and survival [3, 7–9, 19, 24, 26, 29, 31, 38, 39, 41, 48–50,
54, 61, 62]. Imatinib is an inhibitor of multiple tyrosine kinases, including KIT [8,
9, 19, 24, 26]. The initial clinical trials of imatinib showed the agent to be inef-
fective in a general population of patients with advanced cutaneous melanoma [8,
19, 24, 26, 61, 62]. While the early studies of the drug were coming to a close,
Curtin et al. published their identification of KIT gene aberrations (discussed
above), prompting researchers to begin examining tumors for KIT abnormalities
and treat identified cases with tyrosine kinase inhibitors with activity against KIT
[8, 12, 26, 62]. Since that time there has been anecdotal evidence that imatinib
results in rapid and durable tumor responses to KIT inhibitors specifically in
patients with KIT mutations [29, 31, 41, 48, 54, 61]. Lutzky et al. were among the
first investigators to report a complete response to imatinib therapy in the case of a
69 year old woman with advanced loco-regional mucosal melanoma of the anus
harboring both a mutation and an amplification of KIT [39, 62]. Hodi et al. then
reported a patient with primary anal melanoma with a mutation of KIT, most
specifically a seven-codon duplication in exon 11. This patient demonstrated a
near-complete response as measured by PET/CT as well as a greater than 50 %
reduction in tumor volume after only 2 weeks of therapy with imatinib [19, 24, 62].

After these observational reports, several clinical trials of imatinib in patients
with melanoma specifically bearing KIT alterations have subsequently taken place
[8, 19, 26, 29, 41, 48, 54, 62]. Carvajal et al. conducted a single-arm, open-label,
phase two clinical trial and reported the effects of imatinib on 25 evaluable patients
with melanoma harboring KIT mutations. Their study showed 2 complete responses
and 4 partial responses, two of which were transient, and five had stable disease for
12 weeks or more. The overall durable response rate was 16 %, with the four
patients with durable responses maintaining disease stability for more than a year.
The median overall survival was 46.3 weeks. All six patients with responses were
noted to have mutations in L576P on exon 11 or K642E on exon 13; both with
complete responses had both an L576P exon 11 mutation and a concomitant KIT
amplification [8, 26, 48, 62].

In a second single-arm, open-label phase II clinical trial of imatinib in patients
with KIT mutations or amplifications, Guo et al. studied 43 patients, with partial
responses observed in 10 (23 %) while 13 patients (30 %) had stable disease.
A majority of the patients who responded had KIT mutations in exons 11 and 13,
though one patient with a KIT amplification alone responded. The median pro-
gression free survival time was 3.5 months, and the median overall survival was
14 months [19, 26].

Finally, Hodi et al. conducted a multicenter, phase II clinical trial of imatinib in
24 patients with advanced acral, mucosal or chronically sun-damaged melanoma
with KIT mutations and/or amplifications, including 17 patients with mucosal
melanoma. There was an overall disease control rate of 50 %, again favoring
patients with KIT aberrations. Partial responses were seen in 7 of the 13 patients
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with KIT mutations (54 %), but no responses in patients with KIT amplifications or
without KIT deviations [26].

Patients with KIT anomalies have also been reported to positively respond to
other KIT inhibitors such as sorafenib, dasatinib and sunitinib [31, 50, 54, 61, 62].
Quintas-Cardama et al. described a case of a 79 year old male with KIT positive
metastatic anal mucosal melanoma who was treated with temozolomide and sor-
afenib and achieved a complete response for 5 months before eventually expiring
from progressive disease [50, 61, 62]. Woodman, et al. described two cases of
metastatic mucosal melanoma in patients with L576P KIT mutations treated with
dasatinib. Both of these patients had a significant reduction in tumor burden
(>50 %) and elimination of tumor by PET imaging, one of which who had pre-
viously failed therapy with imatinib. This also suggests melanoma with L576P KIT
mutations that are resistant to imatinib may be sensitive to additional KIT inhibi-
tors. Unfortunately, both patients developed tumor re-growth by PET imaging after
4 months of treatment [61, 62]. Finally, Zhu et al. detailed a patient with KIT
mutated metastatic nasal melanoma who received sunitinib and had a partial
response with tumors shrinking by 70 % which was maintained 5 months after the
initiation of therapy at the time of publication [64].

Taken collectively, these reports demonstrate that, while genetically selected
tumors with KIT anomalies have better response rates to KIT inhibitors than the
general population, these responses are variable. However, there is a pattern that
suggests tumors with specific KIT alterations may be more likely to respond to these
agents than others. Multiple reports suggested aberrations in exon 11 (most com-
monly L576P) and exon 13 (most commonly K642E) have better and longer sus-
tained responses over tumors with KIT amplifications or KIT alterations in other
regions [8, 9, 19, 26, 48, 50, 61, 62, 64]. These findings suggest perhaps only a few
KIT variations are truly oncogenic and are appropriate targets for therapy [8, 26].
Furthermore, they suggest not all KIT alterations equivocally forecast benefit from
KIT inhibition, but that further molecular discrimination may be required to better
identify patients for which these agents are appropriate [8, 9, 19, 26, 48, 62].

Unfortunately, most patients who demonstrate an initial response to KIT
inhibiting agents will only achieve brief periods of disease response and resistance
ultimately leads to progressive disease. This is in contrast to other malignancies
where KIT inhibition is commonly used, such as chronic myelogenous leukemia
(CML) and gastrointestinal stromal tumors (GIST), where durable responses
commonly occur [48]. While the mechanism of resistance in GIST tumors is
understood to involve the acquisition of additional, unique KIT mutations, the
mechanisms behind resistance to KIT inhibition in mucosal melanoma are unclear
[19, 26, 48]. Some have suggested it may be due to pre-existing concomitant
mutations in a variety of other oncogenes, while others have implicated acquired
resistance mechanisms, particularly in the case of KIT amplifications. There is
limited data available for both hypotheses [26], with more investigation in this area
warranted. Indeed, multiple clinical trials are ongoing to further define the activity
of KIT inhibition in populations of KIT mutant tumors, and to examine the use of
additional KIT inhibiting agents (Table 3).
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Finally, some mention of the role of BRAF inhibition in the treatment of
mucosal melanomas is warranted given the albeit small presence of BRAF V600E
mutations in about 10 % of mucosal melanomas [3, 7–9, 19, 29, 38, 41, 46, 48–50,
54, 56, 61]. As covered more thoroughly in Chap. 10, vemurafenib and dabrafenib
are inhibitors of BRAF that specifically harbor an activating mutation wherein
valine is substituted for glutamic acid at position 600. These agents have been
approved for the treatment of metastatic melanoma based on trials that have shown
superior response rates, progression free and overall survival in melanoma com-
pared with chemotherapy [1, 11]. As almost all tumors become resistant to single
agent BRAF inhibition, combinatorial therapy with MEK inhibition was studied in
two randomized phase III trials, both of which have shown superior progression
free survival [34, 37] and most recently overall survival with trametnib/dabrafenib
[52]. The question remains whether patients with mucosal melanoma with BRAF
mutations will see similar response rates to BRAF or BRAF/MEK inhibition as has
been seen in patients with cutaneous melanoma. This has yet to investigated [9],
although BRAF and MEK inhibitor therapy in mucosal melanomas with BRAF
V600 mutations is a reasonable scientific approach for patients not able to partic-
ipate in protocols.

5.2.2 Immunotherapies
In 2011, the FDA issued approval for ipilimumab, which has been shown to
improve overall survival in advanced cutaneous melanoma [8, 9, 25, 48, 49, 51].
The approval of immune checkpoint inhibitor therapies for the treatment of
advanced melanoma, which have the ability to produce long term durable remis-
sions, has revolutionized the treatment of this disease and are detailed further in
Chap. 10. Ipilimumab is a fully human, IgG antibody that targets cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4), an inhibitor receptor on T cells. By
blocking this receptor, ipilimumab enhances T cell activation and proliferation, thus
enhancing anti-tumor immunity [9, 11, 25, 48, 49, 51]. Ipilimumab is the first
therapy to demonstrate a survival advantage in a randomized phase III trial [9, 25].
Mucosal melanoma patients were not specifically excluded from this study, but
there were few in the study population [25, 48].

To date there have been no randomized trials of ipilimumab in mucosal mela-
noma patients, but anecdotal cases of benefit with use of this agent have been
reported [9, 48, 49]. A multicenter, retrospective analysis of 33 patients with either
unresectable or advanced mucosal melanoma treated with ipilimumab described
one complete response, one partial response, six cases of stable disease and twenty
two with progressive disease after 12 weeks of therapy. The overall durable
response rate was 6.7 %, consistent with the rates of 4.2–10.9 % reported in patients
with cutaneous melanoma who underwent ipilimumab monotherapy. The median
overall survival was 6.4 months with a range of 1.8–26.7 months. Although these
response rates were comparatively low, this study demonstrated ipilimumab could
result in antitumor effects in patients specifically with mucosal melanoma [49]. An
additional analysis of 71 patients with mucosal melanoma treated as part of an
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expanded access program in Italy showed a 12 % response rate and immune related
disease control rate of 36 %; progression free survival and overall survival were 4.3
and 6.4 months [13].

The landscape of treatment for cutaneous melanoma has been further trans-
formed by the development of inhibitors of programmed death 1 (PD-1) receptor
and programmed death receptor ligand (PDL 1). Anti PD-1 inhibitors have yielded
impressive durable responses in phase I trials [20, 58], as well as improved pro-
gression free survival in melanoma compared with chemotherapy [15], and
improved overall survival was observed in patients wild type for BRAF mutation
compared with chemotherapy [53]. Response rates are yet higher in patients treated
with anti-CTLA-4 and anti-PD-1 combinations accompanied by higher toxicity
[60]. To date, one case report documents a durable response of a mucosal mela-
noma patient treated with the anti-PD 1 antibody pembrolizumab following treat-
ment with ipilimumab; this patient also experienced hypothyroidism and
rhabdomyolysis as a consequence of therapy [42]. Clinical trials to assess the
efficacy of checkpoint inhibition in the subset of patients with mucosal melanoma
will further evaluate potential therapeutic benefits of anti-PD-1 inhibitors, alone or
in combination with other checkpoint inhibitors or immunomodulatory agents.

Given the ever-evolving intricacies of tumor pathogenesis as well as the complex
mechanics of our own immune response, combination therapy is the next logical
step in cancer research in order to broaden clinical responses and prevent the
development of resistance to single agents, which has been shown to develop
rapidly [40]. In addition, novel agents that have been shown to be efficacious in one
setting should continue to be investigated in additional settings that make scientific
sense. The aforementioned therapies are only the beginning in a promising future
for mucosal melanoma patients.
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Acral Lentiginous Melanoma

James S. Goydos and Steven L. Shoen

Abstract
Acral lentiginous melanoma (ALM) is a rare subtype of melanoma mainly
arising on the palms, soles, and nail beds. ALM is the most common subtype of
melanoma found in patients of Asian or African descent and tends to more
advanced at presentation due to delays in diagnosis. Surgical treatment is
difficult owing to the complexity and functional importance of the hands and feet
and reconstruction after resection is usually needed. The prognosis for patients
with ALM depends on stage of disease and tends to be worse than with other
subtypes of melanoma. Newer treatment modalities such as immunotherapies
and targeted agents are being tested in patients with advanced ALM with some
promising preliminary results.
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1 Introduction

Acral lentiginous melanoma (ALM) is a subtype of melanoma that occurs on acral
skin, which includes the palms, soles, and nail beds. ALM is an uncommon subtype
of melanoma, accounting for only 4–6 % of all melanoma diagnoses in Caucasian
populations [1]. However, even though still uncommon, it is the most common
subtype of melanoma found in individuals with darker skin including those of
Asian or African descent [2, 3]. Patients with ALM tend to have a poor prognosis,
mainly caused by delays in diagnosis and advanced disease at presentation [3].
Although we are learning more about the genetic alterations found in ALM [4],
factors influencing the pathogenesis of this melanoma subtype are poorly under-
stood; however, trauma or chronic inflammation has been proposed as possible
inciting factors [5]. Patients with ALM tend to be older, have fewer atypical nevi,
and have a lower incidence of sun burning than patients with superficial spreading
melanoma (SSM). Patients with ALM also tend to have a higher personal and
family history of non-cutaneous malignancies [2].

2 Clinical Features

As with most melanomas, early ALM is asymptomatic and is usually picked up on
visual inspection (Fig. 1). Many patients, but especially elderly individuals, have
difficulty examining the soles of the feet, and it is common for even experienced
practitioners to mistake subungual melanomas as either traumatic injuries or fungal
infections [6]. This leads to delay in diagnoses and a worse prognosis for patients
with this subtype of melanoma [6, 7]. It is therefore important that skin screening
examinations include the soles, palms, and nail beds, including examination
between the toes and fingers. As patients with ALM tend to have fewer cutaneous
nevi, they are often not in follow-up with dermatology, and it is therefore important
for physicians in non-dermatologic specialties to be familiar with the clinical
characteristics of ALM.
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On gross inspection, ALM usually presents as a pigmented macule or papule on
the soles or palms that has an irregular border and variegated pigment. As it
advances, ALM lesions may become large, exophytic nodules containing areas of
blue-black pigment. Amelanotic lesions are common and present as pink macules
or nodules. ALM is often at first mistaken for other conditions including
non-healing traumatic wounds, warts, fungal infections, pyogenic granulomas, or
hematomas [6]. Subungual melanomas are especially hard to diagnose, particularly
if amelanotic. These lesions can be treated for many years as fungal infections or
non-healing traumatic wounds. It is often not until the lesion becomes exophytic or
pigmented that a biopsy is performed and the diagnosis is made [6]. Subungual
melanomas often first present as pigmented streaks in the nail bed and can often be
confused with subungual hemorrhages. However, subungual hemorrhages will
move as the nail grows while ALM lesions will remain in place [6, 7].

3 Histologic Features

Histologically, ALM usually consists of confluent dendritic or epithelioid mela-
nocytes, both singly and in nests, found along the dermal–epidermal junction. There
can be upward pagetoid migration as well as extension down adnexal structures.
Dermal invasion usually presents as atypical epithelioid nests or cords, with
occasional spindle cell components intermixed [7]. As with other types of mela-
noma, ulceration and a high mitotic rate are considered poor prognostic signs [8].
The diagnosis of ALM, especially subungual lesions, can be difficult, and it is
important to obtain an adequate biopsy specimen. As one would expect, it is most
difficult to obtain subungual biopsies, and as the melanocytes in normal nail matrix
can have a pagetoid appearance it is especially important to get adequate biopsies of
these lesions [9].

Fig. 1 Visual inspection of
ALM
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4 Genetics

The genetic factors influencing the pathogenesis and progression of the different
subtypes of melanoma are becoming better understood, and we can therefore divide
melanoma into different subtypes based on these genetic factors [10]. The majority
of superficial spreading and nodular cutaneous melanomas (SSM/NM) contain
activating mutations of either NRAS (17 %) or BRAF (50 %), and many of the tumors
that contain BRAF mutations also have inactivation of PTEN [10, 11]. In contrast,
ALMs have a much lower incidence of activating mutations of BRAF (17 %), rarely
have mutations in PTEN, have approximately the same incidence of activating
mutations in NRAS (15 %), and often have activating mutations or amplifications of
wild-type KIT (15–40 %), a type of receptor tyrosine kinase [4, 10].

5 Treatment

The treatment of ALM is similar to that of cutaneous melanomas: wide local
excision to obtain adequate negative margins and appropriate staging including
sentinel lymph node mapping and selective lymphadenectomy when appropriate
[12]. Wide excision of ALM of the hands and feet often requires plastic surgical
reconstruction to preserve cosmesis and function [13]. Local recurrence of ade-
quately resected ALM is no higher than for SSM, and topical agents such as
imiquimod have been used successfully to treat residual disease in difficult cases
[14, 15].

6 Surgical and Reconstructive Considerations When
Addressing ALM of the Hand

Wide local excision of the primary lesions in patients with ALM often requires
amputation of digits, especially with subungual melanoma. However, with modern
reconstructive techniques, it is often possible to preserve a patient’s digits while still
performing an adequate excision of the primary tumor [16]. Preservation of digital
length, avoiding joint stiffness, maintenance of sensation, and providing durable
painless coverage must be considered when planning tumor ablation and recon-
struction for tumors of the hand [17]. Achieving these goals requires a thorough
knowledge of hand anatomy, meticulous surgical technique, and an understanding
of the principles that govern hand function. An optimal functional result often
requires the intervention of a certified hand therapist, working in concert with the
hand surgeon.

While it is intuitive that preservation of digital length is important, the functional
benefit of digital length depends on the ray. Thumb length should always be max-
imized as digital opposition of the first ray correlates directly with thumb length.
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Maximizing length of the fourth and fifth digits helps maintain grip strength—a
function of the ulnar side of the hand. Once the index finger is shortened proximal to
the DIP joint, patients readily substitute the long finger when performing pad-to-pad
pinch with the thumb. In those instances, preserving the length of a shortened index
finger is less critical. These and other factors must be considered when managing a
digital wound formed by ALM removal. For instance, exposed bone at the distal
phalanx of the little finger might best be treated by flap coverage that preserves
length, while an index finger proximal phalanx amputation stump can be managed
appropriately by bone shortening and primary closure.

Reconstructive options at the hand include healing by secondary intention,
primary repair, skin grafting, and flap reconstruction. Healing by secondary
intention is a reasonable option for small soft tissue defects when bone or tendon is
not exposed. Studies have shown that soft tissue defects at the tip of a digit treated
by secondary intention ultimately provide durable coverage with tip sensation
which is superior to sensory return after flap or graft coverage. Sizable skin deficits
of the tip (>1.5 cm) are best treated by skin graft as secondary healing of such
sizable areas may yield unstable, painful scar or contracture (Fig. 2a, b). As one
climbs the “reconstructive ladder,” the risk of soft tissue contracture is less of a
problem. Contracture is a concern on the flexor side of the hand as well as at the
interdigital web spaces. At those sites, flaps are preferred. If skin grafting must be
performed, full-thickness grafts typically exhibit less soft tissue contracture. The
ulnar border of the hand provides palmar skin to cover small defects. Larger
full-thickness grafts may be harvested from the lower abdominal or groin creases.

Fig. 2 Sizeable skin deficits of the tip are best treated by skin grafting, while the Atasoy flap is a
good choice for smaller defects
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Incisions at the palmar side of the hand as well as at the interdigital web space
must be planned carefully, and if the reconstructive surgeon is not performing the
primary resection he should assist the resecting surgeon in planning the resection.
Flexion creases should not be violated, and incisions at the web spaces should
parallel digits. The dorsum of the hand is much more forgiving, and incisions at the
dorsum may be oriented in any direction and over any extensor crease.

While a multitude of flaps have been described to manage hand defects, several
are true workhorses for these reconstructive problems. The “Atasoy” flap described
in 1970 provides easy, reliable coverage of fingertip amputations through a “V to
Y” advancement of triangular tissue from the volar surface of the distal phalanx
(Fig. 2c–f) [18]. This technique provides sensate, durable coverage with palmar
tissue. However, its use in melanoma may be limited by the flap’s restriction to
relatively small defects with preserved ample volar tissue. The “cross finger flap”
describes the transfer of skin and subcutaneous tissue from the dorsum of a digit to
a defect at a neighboring ray [19, 20]. The resultant open areas are treated with a
skin graft. Roughly three weeks following the first procedure, a secondary operation
is performed to divide and insert the flap (Fig. 3a–d). Fairly large defects may be
treated with this flap, although the tissue is insensate. For defects at the volar distal
phalanx of the thumb, an innervated cross finger flap from the dorsum of the index
finger proximal phalanx may be considered (Fig. 3e–h) [20]. A thenar flap allows
for the staged transfer of palmar skin to the tip of the index or long fingers, though
available tissue is somewhat limited and remains insensate. Many other types of
reconstructive flaps have been described for reconstruction of defects in the hands,
and for more complex cases, staged distant flaps or the microsurgical transfer of
tissue remains an option [21, 22].

Tumor ablation at the nail bed always yields a defect with exposed distal pha-
lanx. Flap coverage is preferred to handle such cases. However, the “Bridging
Phenomenon” of skin grafts teaches that areas of full-thickness graft up to 1 cm in
diameter may survive over areas of poor vascularity such as bone provided that the
periphery of the graft is sitting on a well-perfused surface. Therefore, full-thickness
grafts of skin or even germinal matrix from the lower extremity remain an option
for nail bed defects. A reverse cross finger flap from the dorsum of a neighboring
middle phalanx remains the best option for sizeable nail bed defects. The exposed
undersurface of the flap is treated with a skin graft or germinal matrix graft [22].

Regardless of the technique used to reconstruct the hand after tumor ablation
prompt, active and passive motion must be initiated as soon as possible. Supervi-
sion by a certified hand therapist is essential to provide the best functional outcome
[17]. Movement at joints distant to the operative site is also important as stiffness
will develop in normal joints that remain immobile for even a few weeks. Sec-
ondary procedures may be necessary to treat joint contracture. Debulking proce-
dures and scar revisions may help to restore normal appearance to the hand, an
exposed part of the body.

While treating melanoma remains a challenge for the oncologic surgeon, the
complexity of hand anatomy and function complicate surgical treatment and its
outcome. To yield optimal results, patients with melanoma of the hand must be
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cared for by a team including an oncologic surgeon, a hand surgeon, an oncologist,
a radiation oncologist, and a hand therapist.

Fig. 3 Cross finger flaps
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7 Treatment of Metastatic Disease

Many of the new therapeutic approaches aimed at metastatic melanoma are either
targeted at signaling pathways activated by specific driver mutations (BRAF,
NRAS, PTEN, and others), or designed to activate or enhance the immune response
to the tumor. Almost all of the new therapeutic options that are now available were
designed for, and tested in, patients with SSM/NM [23, 24]. Because of the genetic
and etiological differences between ALM and SSM/NM, it is difficult to extrapolate
findings from recent clinical trials of agents such as vemurafenib or ipilimumab in
patients with melanoma. However, some data do exist, and newer therapies are
finding their way into the treatment of patients with advanced ALM [23]. Another
treatment option for patients with ALM is to target KIT, as it is often mutated or
amplified in ALM [4]. Targeted therapies using imatinib or sunitinib have been
used in patients with advanced ALM, though responses have been mixed and
further data are needed to confirm efficacy in this population [25, 26].

8 Prognosis

Studies have been done examining melanoma-specific survival rates for patients
with different subtypes of melanoma. After controlling for primary tumor thickness
and stage, patients with ALM appear to have a worse prognosis overall (five- and
ten-year melanoma-specific survival rates of 80.3 and 67.5 %, respectively), than
patients with superficial spreading and nodular melanomas (five- and ten-year
melanoma-specific survival rates of 91.3 and 87.5 %, respectively [p < 0.001]) [1].
There does not appear to be a difference in prognosis between male and female
patients, but light-skinned Hispanic patients and patients from Asian or Pacific
Island populations appear to have a worse prognosis than other patients with ALM.
It is possible that delay of diagnosis and thicker tumors at presentation may account
for these population differences [1]. This difference in prognosis between ALM and
other cutaneous melanomas highlights the need for better patient screening during
physical examinations and increased effort in patient education specially targeting
vulnerable populations, so that these lesions can be picked up as early in their
course as possible.
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Pediatric Melanoma and Atypical
Melanocytic Neoplasms
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Abstract
Melanoma is uncommon in the pediatric age range, but is increasing in
frequency and often presents with atypical features compared to the classic
ABCDE criteria common to adult melanoma cases. Moreover, many
melanocytic neoplasms in childhood pose diagnostic challenges to the pathol-
ogist, and sometimes cannot be unequivocally classified as benign nevi or
melanoma. This chapter addresses the evaluation and management of pediatric
patients with melanoma and atypical melanocytic neoplasms, including the roles
of and unresolved questions surrounding sentinel lymph node biopsy, comple-
tion lymphadenectomy, adjuvant therapy, and treatment of advanced disease.
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1 Introduction

1.1 Definition

Pediatric melanoma is defined as a malignant melanocytic lesion in a child from
birth to age of 18 or 21 years, depending on the cutoff employed for defining
adulthood. In this chapter, unless otherwise specified when quoting studies using
different age cutoffs, we consider pediatric cases to be under the age of 21 years.
Pediatric melanoma can be further subclassified according to the specific age range
at presentation (congenital, infantile, prepubertal childhood versus postpubertal
adolescence; see Fig. 1), histologic subtype, presence or absence of precursor
lesions, and by using the standard clinical and pathologic staging criteria applied to
adult cases. A major issue in any discussion of pediatric melanoma is the difficulty
frequently encountered in establishing whether or not a histologically abnormal
melanocytic lesion is in fact unequivocally malignant. While some of the difficulty
may stem from a relative hesitancy to diagnose melanoma in young children, there
are clearly a number of abnormal melanocytic lesions that are difficult or impossible
to reliably categorize as benign or malignant using currently available histopatho-
logic criteria. The broad but concise term atypical melanocytic neoplasm is our

Congenital

•Transplacental 
transmission

Infancy

•Melanoma arising 
from a giant 
congenital nevus

•Neurocutaneous 
melanocytosis

•De novo 
melanoma

Childhood

•Atypical 
melanocytic 
neoplasms

•De novo melanoma
•Neurocutaneous 
melancytosis

Adolescent / Young Adult

•De novo melanoma
•Melanoma arising from a dysplastic or 
congenital nevus

•Atypical melanocytic neoplasms

In Utero Birth Age 1 Age 21Puberty

Fig. 1 Pediatric melanoma presentations in different age ranges. The length of the arrow is
roughly proportional to the relative frequency of melanoma (and/or atypical melanocytic
neoplasms) occurring in each interval, so melanoma occurring in utero due to transplacental
transmission from the mother or presenting in the first year of life is least common, but pediatric
melanoma becomes progressively more common in subsequent years, especially postpuberty

Pediatric Melanoma and Atypical Melanocytic Neoplasms 333



preferred name for this broad class of lesions, which like pediatric melanoma may
be further subclassified based on histologic appearance and potential for recurrence
and metastasis [71, 95].

1.2 Epidemiology

Pediatric melanoma accounts for 1–4 % of all cases of melanoma and 1–3 % of all
pediatric malignancies [7]. It is the most common primary malignant tumor of the
skin in patients younger than 20 years of age. Though the incidence of melanoma in
children younger than 10 years has remained stable, the incidence of adolescent
melanoma is increasing at a rate of 2.9 % per year in the USA over the past 3
decades [7, 101], with similar trends reflected throughout the world [1, 47].

There were estimated to be 450 new cases of melanoma diagnosed in children
younger than 21 years in the USA in 2014 [105]. There is a slight female pre-
dominance, and the increase in incidence of melanoma is highest in female ado-
lescents. While Caucasian children account for the majority of new diagnoses, the
incidence continues to rise in the Hispanic and Native American populations [93].

1.3 Comparison with Adult Melanoma

Compared to adults, children present with thicker primary lesions and a higher
incidence of sentinel lymph node metastases [44, 49, 61]. Melanoma in a child is
more likely to arise from a precursor lesion such as a nevus and have an atypical
clinical presentation that does not follow the typical ABCDEs of melanoma
(Table 1), as well as to show unusual pathologic features [26, 35]. Specifically,
lesions are more frequently non-pigmented and often have histologic features
reminiscent of a Spitz nevus, so-called spitzoid features [86]. They are also more
often of nodular histology. Non-whites, such as Hispanics and Asians, are over-
represented compared to adult melanoma [7]. Despite the later stage at presentation,
pediatric melanoma appears to have a more favorable prognosis than adult mela-
noma of a similar stage [49, 61]. The overall survival in children with melanoma
ranges from 70 to 80 % at 10 years [8].

Table 1 Comparison of “ABCDE” characteristics of adult and pediatric melanoma

Hallmarks of adult melanoma Alternative characteristics of pediatric melanoma

A Asymmetry Amelanotic

B Border irregularity Bump/bleeding

C Color variation Colorless/uniform color

D Diameter De novo/any diameter

E Evolution Evolution

Adapted from Cordoro et al. [26]
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1.4 Classification and Risk Factors

1.4.1 General Risk Factors
The risk factors for pediatric melanoma differ slightly depending on age at pre-
sentation. Sun exposure, tanning bed use, and fair skin are more relevant risk
factors in postpubertal patients, while prepubertal patients may be slightly more
likely to have genetic risk factors [105, 111].

1.4.2 Congenital/Neonatal Melanoma: In Utero to 1 Year
Congenital and neonatal melanoma is very rare [112], and the available information
is based on a small number of case reports. The incidence of congenital and
neonatal melanoma has not increased appreciably over the past 30 years [7, 8].

Transplacental Transmission
Melanoma is one of the malignancies recognized to be able to spread from mother
to fetus via transplacental transmission. Placental metastasis of melanoma is
extremely rare, and fewer than 30 cases have been reported in the literature [3, 5,
90, 104]. The risk factors described to date include maternal diagnosis of
node-positive disease greater than 3 years prior to pregnancy, metastatic melanoma
manifesting in the mother during the third trimester, maternal age less than 30 years,
primiparity, birth at greater than 36 weeks’ gestation, and male fetal gender [5, 96].
Of the reported cases of placental metastatic melanoma, 60–67 % of infants were
alive 18 months after birth [3, 96]. Fetal transmission across the placenta is even
more rare, with eight cases reported to date [3, 117, 121]. Patients are often
diagnosed at birth or within twelve months of birth. The prognosis is dismal, with
six of the eight reported cases dying in the first year of life. There have been two
reported cases of spontaneous regression [121]. Karyotyping has been performed
on two cases of male fetal metastatic melanoma, showing an XX karyotype in both
cases [117, 121]. If transplacental melanoma transmission is suspected, karyotyping
analysis or fluorescence in situ hybridization (FISH) can be used in males for
confirmation of the tumor’s origin. New assays are available to quantify the copy
number of sex chromosomes in genomic DNA purified from a fetal tumor biopsy
specimen suspected to be of material origin [94]. Because the development of
placental metastases has been noted in even early-stage melanoma patients, thor-
ough sectioning and histologic examination of the placenta is advocated in all
patients with a history of invasive melanoma.

Melanoma in a Giant Pigmented Nevus
Congenital melanocytic nevi (CMN) are melanocytic proliferations that present at
or very shortly after birth. By definition, they are benign and are categorized by
projected adult size: small (<1.5 cm in diameter), medium (1.5–20 cm), and large
(>20 cm) [114]. The distinction between large and giant CMN has been incon-
sistent, with some defining giant CMN by various body surface area measurements
instead of projected adult size [4]. A more recent classification system, which takes
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into account nevus size as well as satellite nevus counts and physical features such
as color, surface change, and hypertrichosis, classifies giant CMN as either 40–
60 cm (G1) or >60 cm (G2) [92]. Giant CMN are more likely to give rise to
pediatric melanoma, but estimates of risk vary markedly [130]. A 2006
meta-analysis of 6571 CMN patients found that 0.7 % developed melanoma at a
mean age of 15.5 years [56]. The relatively early onset of melanoma in the setting
of giant CMN is the basis for advocating surgical removal of these lesions early in
life. Small and medium CMN have a reported lifetime risk of malignant transfor-
mation of 2–5 %, but most cases of melanoma arising in these lesions are diagnosed
6 in adulthood. CMN in axial locations are more likely to develop melanoma than
CMN in the extremities [28].

Neurocutaneous Melanoma
Neurocutaneous melanoma is extremely rare. It arises in the setting of neurocuta-
neous melanocytosis, which can include both benign and malignant proliferations
of melanocytes in the central nervous system associated with a giant CMN or with
more than three small to medium CMN. 6–11 % of patients with giant CMN
develop symptomatic neurocutaneous melanocytosis [4, 51]. Neurologic symptoms
such as headache, vomiting, seizures, neuropsychiatric disturbance, or myelopathy
typically present by age 10 and are associated with increased intracranial pressure
and mass effect present on imaging [51]. 40–60 % of patients with neurocutaneous
melanocytosis develop melanoma. These patients have a poor prognosis due to the
difficulty of resection, limited treatment options, and risk of leptomeningeal infil-
tration [52, 99]. Genomic studies have suggested that NRAS mosaicism, in par-
ticular postzygotic mutations in codon 61, is associated with the onset of
neurocutaneous melanocytosis [54].

De Novo/Sporadic Melanoma
De novo lesions are exceedingly rare among melanomas diagnosed within the first
year of life, with fourteen cases reported to date [6, 112]. Of these, three chil-
dren have succumbed to the disease. At present, there are no known risk factors.
Diagnosis is challenging, because of some histologic overlap with giant CMN.
Recently, comparative genomic hybridization (CGH) of two cases of de novo
congenital melanoma was used to establish the diagnosis, revealing multiple
chromosomal aberrations [112].

1.4.3 Childhood Melanoma: 1 Year to Puberty
While age cutoffs of 10–12 have been used in most studies to divide childhood from
adolescent melanoma, it is likely that the most relevant biologic cutoff is to separate
melanomas that arise before and after puberty. Tanner stage may be a more accurate
method of distinguishing between childhood and postpubertal adolescence, when
hormone-driven changes in melanocyte physiology likely occur. However, in ret-
rospective reviews, determining whether a given child has or has not gone through
puberty is quite difficult, hence the need to use clinical surrogates; a cutoff of either
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10 or 12 remains appropriate for retrospective reviews or clinical trials that aim to
separate childhood melanoma from adolescent cases.

De Novo/Sporadic Melanoma
The majority of childhood melanomas are sporadic and unassociated with con-
genital nevi or genetic syndromes. The risk factors in these cases have not been well
established but likely include UV radiation exposure, fair skin, and multiple nevi
[111]. However, compared to adolescent melanoma patients, prepubertal patients
are more likely to be non-Caucasian and for this and other reasons, the specific role
of UV exposure in this group remains quite unclear [57].

Arising from Giant CMN and Dysplastic Nevi
Similar to neonatal melanoma, childhood melanomas can also arise from giant
CMN. One-third of childhood melanomas originate from giant CMN or another
precursor lesion, including common and dysplastic nevi [2, 4, 28, 29, 57, 61, 85,
87, 99, 114].

Genetic Syndromes
Genetic mutations that confer sensitivity to DNA damage, alterations in cell cycle
tumor suppressors such as p53, and mutations in other tumor suppressor genes are
associated with a greater risk of melanoma in children, adolescents, and adults.

Xeroderma Pigmentosum
Xeroderma pigmentosum is an autosomal recessive genetic disorder of nucleotide
excision repair, which makes affected individuals exquisitely sensitive to DNA
damage by UV radiation. Affected patients will generally develop non-melanoma
skin cancer at a median age of 8 years, while melanoma occurs in approximately 5–
13 % of xeroderma pigmentosum patients by age 21 [17, 85].

Familial Melanoma Syndromes
Familial melanoma syndromes are not particularly well characterized in adults and
even less so in children. Recent genomic studies identified mutations in CDKN2A
or CDK4 that can lead to multiple and recurrent melanomas. CDKN2A is the most
common high-risk melanoma susceptibility locus; mutations in this gene are also
associated with dysplastic (atypical) nevus syndrome, >100 nevi, nevi of
buttocks/feet, multiple primary melanomas, and pancreatic cancer risk [15]. How-
ever, such germline mutations have been found to be present in less than 5 % of
childhood melanomas [13, 79]. Other less common familial melanoma syndromes,
such as those caused by germline BAP-1, BRCA2, and MC1R mutations, are gen-
erally associated with development of melanoma in adulthood rather than
childhood.
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1.4.4 Adolescent and Young Adult Melanoma
Adolescent and young adult melanoma encompasses patients from puberty to age
21. This is the segment of the pediatric population with the highest incidence of a
diagnosis of melanoma. Moreover, it is the segment in which the incidence rate is
rising most rapidly, particularly in teenage girls [125]. The risk factors are thought
to be similar to those for adults: ultraviolet radiation exposure, tanning bed use, fair
skin, family history of melanoma, and the presence of multiple and atypical nevi
[29, 35, 57, 60, 61, 81, 125]. Other risk factors include xeroderma pigmentosum
and germline mutations involving cell cycle mediators (see Sections “Xeroderma
Pigmentosum” and “Familial Melanoma Syndromes” above).

2 Clinical Presentation

2.1 General

Pediatric melanoma presents with distinct clinical manifestations in comparison
with adult melanoma [35, 44, 61]. In up to 60 % of childhood and 40 % of
adolescent melanomas, the classical “ABCD” hallmarks of diagnosis in adults are
not seen. In comparison with the traditional criteria of asymmetry, border irregu-
larity, color variation, diameter ≥6 mm, pediatric patients were found to have more
symmetric, raised, and amelanotic lesions with bleeding, uniform or no color, a
diameter <6 mm, and de novo lesions. Therefore, a new set of criteria for diagnosis
has been proposed for pediatric melanoma: amelanotic, bump/bleeding, uniform or
no color, and de novo/any diameter (see Table 1) [26]. These new criteria, however,
have neither been prospectively validated nor yet shown to decrease the ratio of
normal to malignant lesions subjected to biopsy.

2.2 Congenital/Neonatal Melanoma

Since congenital melanomas arise in the setting of maternal metastatic melanoma,
this potential risk is of great concern to pregnant patients with melanoma and their
doctors. Congenital melanoma is often first recognized on the basis of a finding of
gross or microscopic involvement of the placenta by metastatic melanoma. Thus,
for pregnant women with a history of invasive melanoma, and especially for those
with known stage III or IV melanoma, we advocate that the placenta should be
submitted for gross and microscopic pathologic analysis, supplemented as neces-
sary with immunohistochemical staining for melanocyte lineage antigens. The
absence of placental involvement with melanoma is reassuring, while a finding of
melanoma cells on the fetal side of the placenta is very concerning for potential
maternal–fetal spread. Virtually all cases of neonatal melanoma arising from
maternal transmission have manifested before 12 months of age [3, 117].
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Neonates with melanoma that is not related to maternal–fetal transmission
generally present with a history of a progressive nodule or nodules within a large
congenital melanocytic lesion, or with neurologic symptoms or symptoms of
increased intracranial pressure in the case of neurocutaneous melanocytosis.

2.3 Childhood Melanoma: Age 1–Puberty

Due to the rarity of melanoma in this age group, there are few series describing a
typical clinical presentation. In addition to the lack of conventional ABCD criteria,
affected patients are more likely to have darker skin phototypes (Fitzpatrick type III
or IV), extremity location of primary, and a high overall number of nevi [26].

2.4 Adolescent and Young Adult Melanoma: Puberty–18

Over three-quarters of pediatric melanoma arise in this subgroup of patients. As
with younger patients, atypical presentations such as lack of visible pigmentation
(pink/red/flesh-colored), or a symmetric papular or nodular appearance are reported
more commonly than in adult melanoma. Cordoro et al. [26] found that the most
common prebiopsy diagnosis in this age group was pyogenic granuloma.

3 Initial Clinical and Pathologic Workup

Recognizing the relatively non-specific presentation and the rarity of pediatric
melanoma, the potential for delay in diagnosis is quite high. Suspicious pigmented
lesions in childhood should ideally be biopsied and evaluated by a der-
matopathologist with expertise in evaluating these cases. Clinical history, including
history of a congenital nevus or other precursor lesion in the area biopsied, patient
age, extent of biopsy (complete excision, shave biopsy, partial excision/punch),
patient demographics, color and size of the lesion, and a photograph of the lesion,
can all be helpful to the pathologist, emphasizing the value of a close collaboration
between clinician and pathologist in dealing with pediatric pigmented lesions of all
types. Not uncommonly in our experience, skin lesions in children are initially
considered to be warts and thus may be treated with a variety of topical agents prior
to being referred for biopsy, and information about this can also be potentially
helpful to the pathologist.

The preferred biopsy method is complete excision with a narrow margin of
normal skin, which allows for more complete pathologic evaluation of the lesion,
including its relationship to neighboring skin and subcutis. Formalin fixation is
sufficient for all routine and specialized specimen evaluation methods, including
FISH and CGH, the latter two of which are increasingly being utilized as adjuncts
in the evaluation of pediatric melanocytic lesions, as discussed subsequently.
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Initial histopathologic evaluation of biopsy specimens, especially those
demonstrating histologically challenging, ambiguous melanocytic proliferations,
may include a variety of commercially available immunohistochemical stains.
Commonly used stains include assessment of proliferative activity, either using
proliferation index with Ki-67 [78] or assessing mitotic count with phosphohistone
H3 [21, 78]. Melanocytic maturation can be demonstrated by progressive loss of
HMB-45 staining as dermal depth of melanocytes increases in benign and Spitz
nevi compared to melanoma [68]. Complete loss of p16 expression by immuno-
histochemistry indicates homozygous (biallelic) deletion of p16/CDKN2A and may
be seen in either atypical Spitz tumor or melanoma, but only rarely if at all in Spitz
nevi [25, 65, 128]. Loss of BAP-1 expression has been demonstrated in a subset of
histologically challenging, spitzoid-appearing benign and malignant melanocytic
proliferations that may occur sporadically or in inherited form [124]. Recently, the
presence of kinase fusions involving ALK, ROS-1, NTRK-1, BRAF, or RET has
been found in up to 40 % of lesions with spitzoid histology, but has not yet been
shown to be indicative of the malignant potential of these lesions [123].

4 Pathologic Classification

4.1 Spectrum of Melanocytic Neoplasia

There is a broad spectrum of melanocytic neoplasia in children, ranging from
congenital to acquired, dysplastic, Spitz, blue, and deep penetrating nevi, pig-
mented epithelioid melanocytoma, and melanoma. Across this spectrum, there are
lesions which do not neatly fit into any one diagnostic category, and these lesions
have been given a variety of appellations, including borderline tumors, melanocytic
tumors of uncertain malignant potential (MELTUMP), spitzoid tumors of uncertain
malignant potential (STUMP), and atypical Spitz tumor. Multiple observational,
retrospective, and prospective studies have sought to evaluate the natural history of
these atypical neoplasms [11, 22, 28, 38, 66, 74, 107], but significant uncertainty
remains and diagnostic agreement between even expert dermatopathologists is far
less than 100 % [37]. For the purposes of this chapter, we refer to these diagnos-
tically challenging lesions as “atypical melanocytic neoplasms.”

Of these, the atypical spitzoid neoplasms are the most common. The term
spitzoid refers to lesions with some but not all of the features of a typical (benign)
Spitz nevus. It is often difficult to identify spitzoid lesions with the potential for
recurrence and distant metastasis, as no consistent, distinctive factors have been
identified that categorize malignant potential.

Multiple studies have attempted to identify tumor markers to characterize the
malignant potential of atypical melanocytic neoplasms. CGH and FISH have been
most consistently used when some but not all of the features of either melanoma or
a benign lesion like a Spitz nevus are present in a given case [82]. Initial FISH
results using probes targeting chromosomes 6p25 (the locus of gene RREB1), 6q23
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(MYB), Cep6 (the centromere of chromosome 6), and 11q13 (CCND1) showed a
sensitivity of 86.7 % and specificity of 95.4 % in diagnosis of melanoma compared
to benign nevi, although false-positive diagnoses in tetraploid cases were an issue
[39]. The second-generation FISH test targets 6p25, 11q13, 9p21 (CDKN2A), and
8q24 (cMYC) and has a higher accuracy with histologically unequivocal melano-
cytic neoplasms [38]. However, when used in the setting of diagnostically chal-
lenging spitzoid melanocytic proliferations, the sensitivity is less than 70 % [66,
79], so this test is not reliable as the sole arbiter of a malignant or benign diagnosis.
It may be useful as a diagnostic adjunct: in one series of 64 patients with atypical
Spitz tumors analyzed by FISH, 9 of the 11 patients who developed advanced
disease or died had deletion of 9p21, which results in loss of p16/CDKN2A [38].

CGH assesses for gains and losses of portions of genetic material across the
entire spectrum of 23 chromosome pairs. In one series, while 96 % of melanomas
had chromosomal gains or losses, only 13 % of atypical melanocytic neoplasms had
abnormalities. While most benign nevi have normal karyotypes, 15 % of Spitz nevi
showed an increase in copy number of chromosome 11p at the HRAS locus, versus
70 % of atypical spitzoid neoplasms [12]. In contrast, melanoma in pediatric and
adult cases rarely shows an HRAS mutation. Loss of BAP1 on 3p21 is associated
with the development of melanocytic tumors with spitzoid features, and a recent
screening of a database of ambiguous melanocytic tumors showed that 6.7 % of
cases had 3p21 loss [129]. Kinase fusions involving ALK, ROS-1, NTRK-1,
BRAF, and RET are found in up to 51 % of melanocytic tumors with spitzoid
morphology. Although the presence of a fusion protein is not informative about the
biologic potential of the lesion, some may confer sensitivity to tyrosine kinase
inhibitors [16, 123]. There are further studies investigating the role of epigenetics
and hypermethylation as biomarkers of melanoma and treatment response. Muta-
tions of the TERT promoter, which increase telomerase activity, were recently
found in 4 of 58 atypical spitzoid tumors, and all 4 cases with a TERT mutation
developed metastases and died of disease [59]. Most recently, microRNA studies
have been conducted and may show promise as adjuncts for evaluating histologi-
cally ambiguous lesions [43, 58].

Involvement of lymph nodes draining the site of an atypical lesion could
potentially indicate its malignant nature; patients with diagnostically challenging
lesions may be offered a sentinel lymph node biopsy for this purpose (see Sect. 4.3).

4.2 A Proposed Nomenclature for Categorization
of Pediatric Melanocytic Neoplasia

Compounding the difficulty making a firm diagnosis of benign or malignant lesions
is the lack of a standard terminology so that clinicians can understand exactly what
the pathologist is trying to convey about the nature of the lesion in question. This in
turn makes it difficult for clinicians to communicate to the patient or patient’s
family about the nature of the lesion, the risk for metastasis and death, and the
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available treatment options. In an effort to add a degree of objectivity to this
process, we have adopted a five-point system for categorizing melanocytic lesions
from clearly benign at one end of the spectrum to clearly malignant at the other
(Fig. 2). This system is derived from the original “BiRADS” reporting system for
categorizing the results of mammography [30] and is similar to a proposal for
categorizing dysplastic nevi [91]. We have found this system useful in our con-
versations between pathologist and clinician and between clinician and
patient/family, and also for conveying the process whereby the initial uncertainty
about a lesion can lessen or even resolve entirely as additional pathologic material
is analyzed or new clinical details emerge [106].

4.2.1 Category 1: Benign
Lesions in this category possess classic histopathologic features of an unequivo-
cally benign lesion. In the pediatric age groups, examples include Spitz nevi,
pigmented spindle cell nevi of Reed, blue nevi, deep penetrating nevi, CMN,
proliferative nodules in congenital nevi, melanocytic nevi, dysplastic melanocytic
nevi, and speckled lentiginous nevi. There is no additional evaluation needed, but to

Normal karyotype or polyploidy  Isolated chromosomal abnormalities Multiple chromosomal abnormalities

HRAS (isolated 11p loss)

Category 1 Category 2 Category 3 Category 4 Category 5

Benign

Atypical Melanocytic 

Neoplasm, Favor 

Benign

Atypical Melanocytic 

Neoplasm

Atypical Melanocytic 

Neoplasm, Favor 

Melanoma

Melanoma

Bialellic p16 loss

Fig. 2 Spectrum of melanocytic neoplasms in children. We have adopted a 1–5 scale that reflects
the histologic appearance of the primary lesion (depicted) as well as molecular/genetic information
derived from comparative genomic hybridization or fluorescence in situ hybridization, and can
also reflect the findings of sentinel node biopsy in appropriate cases. Only a few molecular
abnormalities, however, definitively characterize as lesion as likely benign (isolated 11p loss) or
malignant (biallelic p21 loss). This numerical scale facilitates communication not only between the
pathologist and the clinician, but also between the clinician and the patient and family.
Importantly, the categorization can evolve as additional clinical, pathologic, and molecular
information becomes available. (Modified from Sreeraman Kumar et al. [108].)
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prevent recurrence complete excision is generally warranted, if not already achieved
with the initial biopsy.

4.2.2 Category 2: Atypical Melanocytic Neoplasm, Favor
Benign

Lesions in this category possess most but not all of the classic histopathologic
features of one of the unequivocally benign lesions mentioned above. Some
non-typical features are seen, but not to the extent that the pathologist feels that the
lesion may represent a melanoma. Examples of such features include focal areas of
proliferation/mitoses, focal increases in cellularity, or isolated foci of cellular
atypia. At times, an unequivocal diagnosis cannot be made due to an incomplete
biopsy that does not allow full evaluation of the lesion. Hence, these lesions should
all be completely excised and the re-excision specimen evaluated to ensure that no
more concerning features are seen in areas of the lesion not sampled in the initial
biopsy material, but beyond that no further evaluation or management is generally
warranted.

4.2.3 Category 3: Atypical Melanocytic Neoplasm, Not
Amenable to Further Classification

These are lesions with atypical features indicating possible metastatic potential, but
which lack features that allow the pathologist to definitively classify the lesion as
most likely malignant or benign. Many different terms have been proffered to
describe these lesions, such as STUMP, spitzoid atypical melanocytic proliferation
of uncertain significance (SAMPUS), and MELTUMP. However, these terms—
while adequately capturing the inherent uncertainty of behavior—do not convey to
the clinician whether there are any features that are more or less suggestive of
malignancy. There are also some melanocytic lesions that are recognized diagnostic
entities but for which the likelihood of malignancy is simply unknown, such as
pigmented epithelioid melanocytoma, atypical cellular blue nevus, and some
BAP-1 deleted melanocytic neoplasms (seen in patients with germline deletions of
BAP1). CGH and/or FISH can be particularly helpful in these lesions. For example,
an atypical spitzoid lesion in Category 3 by histopathologic criteria that had a single
chromosomal aberration in chromosome 11p might be appropriately categorized as
an atypical Spitz nevus, favor benign (Category 2), while an identical appearing
lesion with multiple chromosomal gains and losses and FISH abnormalities in a
high percentage of cells would be considered very concerning for melanoma,
potentially more appropriately reported as atypical spitzoid lesion, favor spitzoid
melanoma (Category 4).

Lesions in Category 3 should always be completely excised, and the re-excision
specimen carefully examined for hints in any residual neoplasm that could allow for
a more definitive diagnosis. Furthermore, sentinel node biopsy may be offered for
some lesions in this category, with the recognition that the finding of lesional cells
in the sentinel node may or may not allow for a reclassification as unequivocally
malignant (see below).
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4.2.4 Category 4: Atypical Melanocytic Neoplasm, Favor
Malignant

These are lesions with substantial atypical features indicating the possibility of
metastatic potential, but which lack sufficient features that allow the pathologist to
definitively classify the lesion as malignant. As indicated above, there may be
overlap between lesions in this category and those mentioned in Category 3, hence
our feeling that simply labeling all these as “lesions of uncertain malignant
potential” fails to adequately convey to the clinician a high enough degree of
concern. Examples include Spitz-like neoplasms with high dermal cellularity, deep
dermal or subcutaneous extension, high mitotic rate in the deep dermis, asymmetry
and/or necrosis [118], or atypical cellular blue neoplasms that are large, with
necrosis and/or increased mitoses >2/mm2 [9]. These are lesions with metastatic
potential, and there are well-described cases of such lesions eventually leading to
recurrence, metastasis, and death (and of course ultimate reclassification into Cat-
egory 5). Excision to negative margins should always be performed, and these
lesions should be treated in an identical manner to an unequivocal melanoma of
similar depth. For us, this includes sentinel node biopsy for most Category 4 lesions
1 mm or thicker. CGH and/or FISH can be helpful, and if markedly abnormal may
provide sufficient evidence for the pathologist to render an outright malignant
diagnosis (Category 5). Similarly, in most cases of Category 4 neoplasms, findings
of lesional cells in the sentinel node, especially in the nodal parenchyma or growing
in an expansile fashion, should be considered to represent evidence that the lesion is
indeed malignant.

4.2.5 Category 5: Melanoma
Lesions in this category possess classic histopathologic features of an unequivocal
melanoma. A greater percentage of melanomas in the pediatric population are
spitzoid or nevoid in appearance, which adds to the difficulty in making an outright
diagnosis of malignancy. Desmoplastic, lentigo maligna, and subungual melanomas
are less common in children than in adults (Table 2) [8].

4.3 Further Evaluation and Reclassification of Atypical
Melanocytic Neoplasms

It is not uncommon that additional information becomes available regarding a lesion
that could not be categorized unequivocally as either benign or malignant on initial
biopsy, and in some cases this new information allows for a definitive diagnosis.
Virtually all lesions in Category 2, 3, or 4 should be completely excised to negative
margins, and the re-excision examined by an experienced dermatopathologist for
additional diagnostic clues unavailable in the initial biopsy specimen. As discussed
above, further investigation with CGH and/or FISH as well as sentinel node biopsy
should be considered in selected cases, and at times can allow a definitive diagnosis.
Finally, long-term follow-up can result in reclassification of a benign or atypical
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lesion to malignant based on the development of regional or distant spread or death
from melanoma. Whenever management decisions are made based on an initial
biopsy specimen, especially when that specimen represents a less-than-complete
sampling of the lesion, the possibility that subsequent information will alter the
diagnosis should be kept firmly in mind. Patients and families need to understand the
uncertainties involved with the diagnosis of pediatric melanocytic lesions, and the
possibility that a lesion initially felt to be most likely benign can subsequently prove
to be malignant. Conversely, they as well as their physicians should also understand
that a malignant diagnosis is not synonymous with death from melanoma: most
patients with unequivocal melanoma diagnosed before age 21 are in fact cured with
appropriate treatment.

5 Diagnostic and Treatment Paradigms for Pediatric
Melanoma and Atypical Melanocytic
Neoplasms

5.1 Preoperative Staging Workup

In patients diagnosed with unequivocal melanoma at initial biopsy, further evalu-
ation begins with a thorough physical examination, including an assessment of the
presence of any residual pigmented lesion at the primary site and examination of the
regional lymph nodes. In patients with enlarged or difficult to examine regional
lymph nodes, ultrasonography can be helpful, and if appropriate, ultrasound-guided
fine needle aspiration can be carried out in an effort to establish the diagnosis of
stage III melanoma preoperatively. Because of the risks associated with ionizing

Table 2 Distribution of histologic subtypes of pediatric melanoma as reported in several large
single-institution series

Author (number of cases)

Histologic subtype Paradela
[87]
(n = 128)

Livestro
[61]
(n = 73)

Aldrink
[2]
(n = 136)

Han
[44]
(n = 62)

Cordoro
[26]
(n = 60)

Total
(n = 461)

Superficial spreading 48 % 62 % 49 % 47 % 9 % 45 %

Nodular 34 % 12 % 21 % 23 % 30 % 25 %

Acral lentiginous 4 % 1 % 4 % 0 0 2 %

Spitzoid Not
separately
reporteda

Not
reported

2 % 4 % 13 % 3 %

Other/NOS/unclassified 14 % 25 % 24 % 26 % 48 % 5 %

Only cases deemed to be melanoma are included; cases of atypical melanocytic neoplasms, if
reported in that series, are excluded. This could lead to an underestimation of some histologic
subtypes, particularly spitzoid melanomas, which are often characterized as “atypical” rather than
unequivocally malignant
Abbreviation: NOS not otherwise specified
a 36 % of cases had Spitzoid cytologic features
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radiation in children and adolescents [70, 89], CT or PET/CT scans should be used
preoperatively only for well-defined indications: patients with clinically positive
lymph nodes in whom biopsy establishes a diagnosis of stage III melanoma and
those with signs or symptoms suspicious of metastatic disease should generally
have further radiologic evaluation prior to surgery, while most other cases should
not. For patients with atypical lesions (Category 2, 3, or 4), outside of a careful
evaluation of the regional lymph nodes that may include ultrasonography in
selected cases, preoperative radiologic imaging is not indicated. Routine use of
laboratory tests is not indicated in pediatric patients with atypical or malignant
lesions, except as needed to evaluate symptoms or ensure the safe conduct of
planned surgery.

5.2 Wide Excision

Surgery is the mainstay of treatment for localized cutaneous melanoma and for
atypical melanocytic lesions of all histologic types and in all categories of suspi-
cion. If the initial biopsy of a Category 1 or 2 lesion has positive margins, complete
excision is recommended. For Category 4 or 5 lesions (suspected or diagnosed
melanoma), and likely for most Category 3 lesions, wide excision is indicated even
if the initial biopsy had negative margins. The optimum margin of excision for
pediatric melanoma has never been established, as children were excluded from
randomized trials evaluating margin width in cutaneous melanoma. Pediatric
melanoma seems to have a lower risk of local recurrence when compared with adult
melanoma of the same thickness [61]. For older children, we advocate wide
excision of the primary site utilizing standard adult guidelines for excision margin
widths, namely 1 cm margins for lesions ≤1 mm in thickness at all sites, for tumors
1–2 mm in thickness in areas where a wider margin would require a skin graft or
result in severe deformity, and for all tumors on the head and neck or distal
extremities, and 2 cm margins for most thicker lesions. In children younger than 14,
we utilize a 1 cm margin for melanomas of all thicknesses and in all primary sites
and have not seen local recurrences with that approach [44, 126]. For Category 2
and 3 lesions, a maximum 1 cm margin is taken regardless of thickness or age.
Whatever the initial excision margin employed, the goal of surgery is to achieve a
final negative histologic margin. In those rare cases where a re-excision specimen is
found to have residual neoplasm at the excision margin, further re-excision is
indicated. If narrow re-excision of a Category 2 or 3 lesion uncovers residual tumor
diagnostic of melanoma, wider excision may be warranted.

5.3 Indications for Sentinel Lymph Node Biopsy

The role of sentinel lymph node biopsy in pediatric melanoma and atypical mel-
anocytic neoplasms remains controversial. Sentinel lymph node biopsy is a
well-tolerated procedure that allows for surgical staging and can inform further
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treatment decisions. The majority of pediatric patients with melanoma are node
negative and have an excellent prognosis [8, 42, 49, 60, 74, 83, 87]. These patients
can be followed with routine surveillance and are at low risk of recurrence, and the
reassurance value of a negative sentinel node biopsy should not be underestimated.
In many cases, however, the sentinel lymph node or nodes contain cells identical to
the primary tumor—in fact, the incidence of a positive sentinel node is similar in
patients with pediatric melanoma and atypical melanocytic neoplasms and
higher than in adults with melanomas of similar thickness [95]. Conversely, the
prognosis of sentinel node-positive pediatric cases appears to be substantially better
than that for adults. We will address the role of sentinel lymph node biopsy in
pediatric melanoma and atypical melanocytic neoplasms separately.

5.3.1 Indications for Sentinel Node Biopsy in Pediatric
Melanoma

As in adults [73, 127], there is a strong argument for sentinel lymph node biopsy as
a prognostic tool for pediatric melanoma, as recurrence and death are more likely to
occur in sentinel node-positive cases [8, 14, 19, 44, 49, 71, 72, 75, 116]. The
long-term consequences of removal of one or a few lymph nodes from a basin in a
child are relatively few, albeit not zero [84]. In cases of pediatric melanoma ≥1 mm
in thickness, well over 30 % of patients with clinically negative nodes will be found
to have at least one positive sentinel lymph node (Table 3), and we routinely
advocate the use of sentinel lymph node biopsy in pediatric patients with mela-
nomas ≥1 mm in thickness in the absence of specific contraindications. As in adults
[40], the indications for sentinel lymph node biopsy in thin melanoma (<1 mm)
remain unclear. Lesions thicker than 0.75 mm, those with ulceration, and those with
mitotic activity (mitotic rate ≥1/mm2) are most commonly considered for sentinel
node biopsy in adults with thin melanoma [45, 127], and we employ these same
criteria for older children with thin melanoma. Thin melanomas are rarely diag-
nosed in younger children [109], which further limits our knowledge about relative
indications for sentinel node biopsy, and we employ sentinel node biopsy only very
selectively for children under 14 with melanomas <1 mm.

5.3.2 Indications for Sentinel Node Biopsy in Pediatric
Atypical Melanocytic Neoplasms

Recent editorials advocated for a limited role for sentinel lymph node biopsy in the
absence of a definite diagnosis of melanoma, given the unclear prognostic value of
a positive finding and the potential for overtreatment [21, 24, 50]. It can be difficult
to differentiate metastatic melanoma from benign nodal nevus cells because lesional
cells from benign melanocytic neoplasms such as Spitz and cellular blue nevi can
also be found within regional lymph nodes. Patients with unequivocally benign
nevi can have benign collections of nodal melanocytes (termed “nodal nevi”) up to
22 % of the time. However, in patients with atypical melanocytic neoplasms, the
collections of melanocytes are often seen in the parenchyma of the lymph node,
similar to melanoma. Although it is generally considered that multiple positive
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nodes, expansile tumor deposits, and the presence of necrosis or nodal effacement
support a diagnosis of malignancy, there have been no studies that define a
threshold of nodal involvement that is diagnostic for malignancy. Moreover, clin-
ical studies have shown few or even no recurrences for atypical melanocytic neo-
plasms with positive sentinel nodes, at median follow-up intervals of 2–4 years
(Table 4) [18, 20, 36, 41, 62, 64, 66, 71, 76, 102, 113, 120], and some small series
of atypical melanocytic neoplasms managed with excision alone had no evidence of
recurrent disease [22]. All these facts argue for a cautious approach to sentinel node
biopsy in pediatric atypical melanocytic neoplasms, but a contrary case can also be
made.

In fact, we have encountered numerous cases where patients with pediatric
atypical neoplasms developed recurrence and even died of metastatic malignancy,
often many years or even decades after initial diagnosis. Even in unequivocal
pediatric melanoma, many of the recurrences and deaths from disease occur more
than five years after initial diagnosis (Fig. 3) [44], so studies with relatively short
(and often incomplete) follow-up must be viewed with a healthy degree of skep-
ticism. Perhaps the strongest argument in favor of sentinel node biopsy for pediatric
atypical neoplasms is the uncertainty associated with the diagnosis itself. It is well
recognized that experienced pathologists will disagree in a substantial portion of
cases in which at least one pathologist has rendered a diagnosis of atypical mela-
nocytic neoplasm. Importantly, even cases with documented fatal outcomes have
been called atypical or benign by at least some experienced pathologists when
shown blinded cases [10, 37]. Hence, some cases that represent melanoma are not
identified as such based on the initial biopsy. While the significance of atypical cells
in the sentinel node is not always clear in these patients, there are cases where the
presence of expansile nodules of tumor cells reveals a diagnosis of malignancy that
might otherwise have been missed. Conversely, as alluded to previously, the finding
of a negative sentinel node or nodes can help reassure the patient and family that—
despite uncertainty about whether the lesion may be melanoma—everything pos-
sible has been done to make a diagnosis and the patient has been treated appro-
priately if the diagnosis is in fact melanoma. Recurrences in the nodal basin and
distant metastatic disease are very uncommon in patients with pediatric atypical
neoplasms after negative sentinel lymph node biopsy (see Table 4), and most such
patients can be safely observed without any additional surgical or adjuvant therapy
[46, 71].

5.4 Surgical Management of the Sentinel Node-Positive
Nodal Basin

The management of the pediatric melanoma patient with a positive sentinel lymph
node is contentious, and key principles are largely drawn by analogy to the adult
literature. Completion lymphadenectomy, by definition a radical lymph node dis-
section after a positive sentinel node biopsy, is the current standard of care
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recommendation for adult patients [127], although involved non-sentinel nodes are
found on histologic examination in only about 10 % of lymphadenectomy speci-
mens (see Table 3) [67, 77, 98]. Only limited data are available on the rates of
non-sentinel node involvement in pediatric melanoma, but what data are available
suggests that the rate may [49, 61, 103, 116] or may not [119] be lower than that in
adults. Virtually, no data are available on the in-basin recurrence rates for pediatric
patients who do not undergo completion lymphadenectomy.

In our experience, the rates of lymphedema are lower for pediatric patients
undergoing radical lymphadenectomy compared to adults, and dysesthesias and
numbness that can be troublesome in adults are rarely consequential in children.
However, the increased risk of infection that accompanies lymphadenectomy can be
a problem, particularly for younger children, and younger patients likely are also

(a)

(b)

Fig. 3 Late recurrence of melanoma initially presenting in childhood. This patient was initially
diagnosed at age 14 with a 3.4 mm ulcerated melanoma on her back. One sentinel lymph node in
the ipsilateral axilla had a microscopic focus of metastatic disease. Twelve years later, she returned
with abdominal pain and a new cutaneous lesion. a CT scan of the thorax demonstrated multiple
pulmonary metastases, some of which are denoted with red arrows. b CT scan of the upper
abdomen demonstrated mass lesions in the gallbladder (arrows), biopsy proven to represent
metastatic melanoma. She subsequently developed brain metastases and died of disease nearly
14 years after her original biopsy
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at some increased risk for motor nerve injuries that can have lifelong consequences.
On the other hand, teenagers and young adults can be non-compliant with the close
follow-up that is usually recommended for sentinel node-positive patients who do
not undergo completion lymphadenectomy. Hence, our recommendation for com-
pletion lymphadenectomy is individualized based on a number of factors: the
number and site(s) of sentinel nodes involved with tumor, the extent of tumor
involvement within those nodes, the findings on the preoperative lymphoscintig-
raphy (which may presage the likelihood of non-sentinel node involvement [131]),
and particularly the age of the child. For a very young child, even a few years of
delay in performing a lymphadenectomy can decrease the short- and long-term
consequences of that procedure, as long as the patient has been carefully followed
and treated promptly after recurrence is manifest. Teenagers and older patients need
to be carefully assessed to be sure they will be compliant with a close follow-up
regimen, and if not, they may be best served by a completion lymphadenectomy.
All patients who are observed without completion lymphadenectomy after a posi-
tive sentinel node biopsy in our practice are recommended to undergo ultrasound
surveillance of the positive basin at least two to three times per year for the first
several years, and then every six to twelve months thereafter for a minimum of five
years, and are counseled to return promptly if they develop lymphadenopathy or
other evidence of recurrence.

5.5 Surgical Management of the Clinically Node-Positive
Nodal Basin

In contrast to patients with micrometastatic disease in a sentinel node, pediatric
patients with clinically detectable lymph node involvement should undergo radical
lymphadenectomy of the involved basin(s) unless there is clear evidence of distant
metastatic disease. In general, identical surgical principles are utilized in children
and adults to determine the extent of the lymphadenectomy, and like in adults, the
relative indications for pelvic (“deep”) node dissection in inguinal node-positive
cases remain unclear. The only absolute indication for pelvic node dissection in
pediatric melanoma is pathologic or radiologic evidence of involvement of one or
more iliac or obturator nodes, but deep node dissection should be considered for
cases with large or multiple involved inguinal nodes even in the absence of
abnormal pelvic nodes on preoperative scanning. Most adult studies indicate that
inclusion of the external iliac and obturator nodes with an inguinofemoral node
dissection does not increase long-term morbidity [33, 100], and our experience in
pediatric patients supports this.
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5.6 Adjuvant Systemic Therapy

While systemic adjuvant therapy has been widely used in the adult melanoma
population for stage III and even selected high-risk stage II patients [55], there is a
dearth of information in the pediatric population, given both the rarity of the disease
and the exclusion of children from most melanoma clinical trials.

5.6.1 Interferon-α2b
Three single-institution studies have retrospectively evaluated the feasibility of
using high-dose interferon-α2b in stage III resected pediatric melanoma [23, 80,
103]. Patients were noted to tolerate the therapy well, requiring fewer dose modi-
fications than typically reported in adult studies. In one study involving five patients
with resected stage III disease, dose modification was required during the induction
phase in two patients due to myelosuppression and during the maintenance phase in
two patients for abnormal liver function tests, while depression and major mood
change were observed in two other patients [103]. A prospective study of high-dose
interferon in 15 sentinel node-positive patients (eight of whom were initially
diagnosed with atypical melanocytic neoplasms but subsequently reclassified as
melanoma) found that all 15 patients were able to complete induction therapy, and
only one patient failed to complete maintenance therapy due to toxicity (coming off
therapy five weeks before scheduled completion). Two patients developed recurrent
disease during maintenance, one of whom was resected to a disease-free state and
continued on therapy. The other patient as well as one patient who recurred after the
end of therapy died of metastatic melanoma [80].

Although interferon-α2b is well tolerated in children, subcutaneous injection of
the medication three times weekly is inconvenient. Pegylated interferon-α2b
(peginterferon) can be administered once a week and has pharmacokinetic and
pharmacodynamic properties more favorable for maintenance therapy than standard
interferon [27]. It has been approved for use in the adjuvant therapy of
node-positive melanoma [31, 32, 48]. However, the approved regimen involves five
years of therapy, which limits patient acceptance. We have successfully substituted
peginterferon for standard maintenance interferon, administering it once weekly at
3 mcg/kg for 48 weeks after a “standard” one-month IV induction phase. A current
pediatric clinical trial (NCT00539591) is comparing the pharmacokinetics, feasi-
bility, and quality-of-life impact of subcutaneous peginterferon 1 mcg/kg/week for
48 weeks with that of conventional interferon during maintenance therapy. Results
favoring the use of peginterferon once weekly would certainly increase the con-
venience of therapy in children.

Recently, cooperative group phase III studies investigating the role of adjuvant
interferon in patients with node-positive melanoma have begun including children
under 18 years of age. SWOG trial S0008 (NCT00006237), ECOG E1697
(NCT00003641), and E1609 (NCT012734338) are examples. No results specific
for pediatric patients have as yet been presented from any of these studies, but they
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hold promise to increase our knowledge base about adjuvant interferon in pediatric
melanoma.

5.6.2 Other Adjuvant Therapy Agents Under Evaluation
New agents for treating unresectable metastatic melanoma (see Sect. 5.7 below)
merit evaluation as adjuvant therapy in an effort to improve on the risk–benefit ratio
of interferon in adults and children. E1609 compares high-dose interferon to two
doses of ipilimumab (monoclonal antibody blocking CTLA-4) and includes chil-
dren age 15 and older. This will likely provide the first opportunity to evaluate new
agents in the adjuvant therapy of melanoma.

5.7 Metastatic Disease

5.7.1 Systemic Therapy
Pediatric patients with metastatic melanoma should strongly consider enrollment in
a clinical trial given the limited knowledge specifically about this patient popula-
tion. There are currently several trials evaluating drugs that have been proven to
increase survival in the adult stage IV melanoma population, such as ipilimumab,
vemurafenib or dabrafenib (BRAF inhibitors), or anti-PD1 antibodies. Like with
adult melanoma, knowing the BRAF mutation status of the melanoma is paramount
to making decisions about treatment for stage IV disease. The overall distribution of
BRAF mutant melanomas in the pediatric melanoma population is not known, but it
appears that adolescents and young adults with histologically conventional mela-
noma have a higher rate of BRAF V600E mutations than seen in the adult mela-
noma population [69]. Melanomas in children, especially those arising in congenital
nevi, predominantly lack BRAF mutations and hence are currently not candidates
for molecularly targeted therapy [63]. As in adults, immunotherapy is appropriate
first-line therapy for pediatric melanoma patients whose tumor lacks a BRAF
mutation and even for some BRAF mutant melanoma cases with relatively low
tumor burden and few or no symptoms [53]. Interleukin-2, ipilimumab, and the
anti-PD1 inhibitors pembrolizumab and nivolumab are currently commercially
available, but there is little or no published experience regarding safety and efficacy
of any of these agents in children under 16.

5.7.2 Palliative Radiation
Radiation therapy in the pediatric population is reserved for palliation of metastatic
disease, particularly brain metastases, or rarely for the treatment of unresectable
regional disease. Advances in radiation techniques such as image guidance,
stereotactic radiation therapy, intensity-modulated radiation, and proton beam
radiation have allowed for more conformal treatment, allowing for increased
sparing of normal tissue that likely has particular value in the pediatric population
[110]. Fractionated techniques have been shown to be safe in children [122],
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suggesting that with modern techniques, radiation therapy can be used on a
case-by-case basis as an effective method of palliation of metastases in children.

6 Prognosis and Follow-up

While there are no established follow-up guidelines specifically for pediatric mel-
anoma, early detection of recurrence may allow for surgical intervention and/or a
more favorable outcome, and of course sun protection and screening for second
primary cutaneous malignancies is important in melanoma patients of all ages.

6.1 Follow-up

A study comparing pediatric patients with positive and negative sentinel lymph
nodes found that recurrence occurred only in patients with node-positive disease
and could occur more than five years from diagnosis due to the long natural history
of the disease [44]. To date, there are no specific recommendations or guidelines for
the follow-up of pediatric melanoma patients after surgery.

6.2 Prognosis of Pediatric Melanoma Based on Stage
of Disease

Stage of disease is one of the primary determinants of overall survival in pediatric
melanoma just as in adults, with localized disease having a more favorable prog-
nosis. Available evidence suggests that prognosis is likely better for pediatric
melanoma patients diagnosed when prepubertal versus postpubertal [35, 57], but
this is not reflected in current staging systems.

6.2.1 Stage I–II: Localized Disease
Early-stage, localized pediatric melanoma portends an excellent prognosis with
multiple series reporting from 94 to 100 % overall survival over 10 years for stage I
disease and from 79 to 100 % for stage II disease, with a disease-free survival of
more than 70 % [8, 34, 57, 109]. Ulceration and increase in tumor thickness are
associated with a less favorable prognosis and a higher local recurrence rate and a
decreased overall survival, as in adult melanoma.

6.2.2 Stage III: Regional Metastatic Disease
Metastatic disease to regional lymph nodes is associated with decreases in overall
survival and disease-free survival in comparison with localized disease. Pediatric
melanoma patients have a more favorable prognosis than adults with similar staged
disease, with 70–77 % overall survival at 10 years [8, 34, 57].
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6.2.3 Stage IV: Distant Metastatic Disease
Distant metastases are associated with a poor prognosis, with 40 % overall survival
at 5 years and 0 % at 10 years reported in a large registry series [8].

6.3 Prognosis of Atypical Melanocytic Neoplasms

Atypical melanocytic neoplasms, as described in Sects. 4.1 and 4.2 above, are
diverse and heterogeneous both histopathologically and molecularly and likely in
terms of their prognosis as well. While most patients with atypical melanocytic
neoplasms have an excellent prognosis, deaths from melanoma have occurred in
children whose initial lesion could not—even in retrospect—be characterized as
clearly malignant. Atypical lesions with certain specific high-risk features are more
likely to develop recurrent or metastatic melanoma. Prior studies have shown that
atypical melanocytic neoplasms with diameter greater than 1 cm, extension into the
subcutaneous tissue, ulceration and higher numbers of mitoses per high-powered
field, and those arising in children greater than 10 years of age are associated with
increased risk of metastases [107]. In addition, recent studies show that lesions with
9p21 deletions have an increased risk of recurrence and metastasis [38]. However,
the prognostic significance of sentinel lymph node biopsy remains controversial in
these atypical neoplasms, as described in Sect. 5.3.2 above.

7 Future Directions and Challenges

Our understanding of the natural history and epidemiology of pediatric melanoma is
limited by the relatively small number of patients, variations in pathologic diag-
nosis, and incomplete data about the cases that do occur. While one multicenter
patient registry has been published [8], most studies are single-institution studies
with small patient numbers. Unresolved questions about the utility of sentinel
lymph node biopsy, completion lymphadenectomy, adjuvant therapy, and treatment
of advanced disease will only be better elucidated with greater national and inter-
national collaboration and a commitment to prospective evaluations and clinical
trials. For pediatric patients with unresectable disease or metastasis, access to the
latest biologic treatments is limited by their age. As the incidence of pediatric
melanoma continues to rise, the need for improved prognostication and age-specific
treatment and follow-up guidelines are sorely needed.
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Novel Treatments in Development
for Melanoma

Chantale Bernatchez, Zachary A. Cooper, Jennifer A. Wargo,
Patrick Hwu and Gregory Lizée

Abstract
The past several years can be considered a renaissance era in the treatment of
metastatic melanoma. Following a 30-year stretch in which oncologists barely
put a dent in a very grim overall survival (OS) rate for these patients, things have
rapidly changed course with the recent approval of three new melanoma drugs
by the FDA. Both oncogene-targeted therapy and immune checkpoint blockade
approaches have shown remarkable efficacy in a subset of melanoma patients
and have clearly been game-changers in terms of clinical impact. However, most
patients still succumb to their disease, and thus, there remains an urgent need to
improve upon current therapies. Fortunately, innovations in molecular medicine
have led to many silent gains that have greatly increased our understanding of
the nature of cancer biology as well as the complex interactions between tumors
and the immune system. They have also allowed for the first time a detailed
understanding of an individual patient’s cancer at the genomic and proteomic
level. This information is now starting to be employed at all stages of cancer
treatment, including diagnosis, choice of drug therapy, treatment monitoring,
and analysis of resistance mechanisms upon recurrence. This new era of
personalized medicine will foreseeably lead to paradigm shifts in immunother-
apeutic treatment approaches such as individualized cancer vaccines and
adoptive transfer of genetically modified T cells. Advances in xenograft
technology will also allow for the testing of drug combinations using in vivo
models, a truly necessary development as the number of new drugs needing to be
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tested is predicted to skyrocket in the coming years. This chapter will provide an
overview of recent technological developments in cancer research, and how they
are expected to impact future diagnosis, monitoring, and development of novel
treatments for metastatic melanoma.

Keywords
Targeted therapy � Immunotherapy � Personalized medicine
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IL-2 Interleukin-2
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1 Introduction

Thanks to numerous scientific developments over the past two decades (as outlined
in previous chapters), patients with metastatic melanoma currently have access to
far more effective treatment options than at any time in the past. The recent FDA
approval of three new agents to treat this deadly disease has brought hope to many
patients and has also validated the effectiveness of both oncogene-targeted and
immunotherapeutic approaches [1–6]. There are now dozens of ongoing clinical
trials designed to test the effectiveness of several novel agents, in addition to many
others testing combinations of agents likely to show therapeutic synergy. Although
ongoing, certain drug combinations have shown unprecedented response and
overall survival (OS) rates. This has lent much credence to the idea that the cure to
cancer will ultimately lie in strategic combinations of agents that can target tumor
cells in multiple ways, thus attenuating the chances of selecting for the
re-emergence of resistant clones. Indeed, several tumor-intrinsic mechanisms of
resistance have already been documented for the mutant BRAF inhibitor vemu-
rafenib, and a large percentage of patients still recur or progress with disease, even
on the most promising combination regimens [7–10].

While the initial forays into the molecular era of tumor biology and immunology
brought us promising targets such as mutated BRAF, CTLA-4, and PD-1, contin-
ued advanced efforts in proteomic and genomic profiling have revealed an enor-
mous complexity of molecular interactions, not only within tumor cells and
infiltrating immune cells, but also in the critical cross talk between these cells
[11–14]. With recent advances in molecular profiling, it is now possible to obtain
vast amounts of information from an individual patient’s tumor for an affordable
cost [15–18]. Fortunately, concurrent advances in computing and bioinformatics
methodology have allowed researchers to keep pace and enable navigation of these
tremendously complex data landscapes that could only be imagined in the first years
of the twenty-first century. Such analyses will facilitate not only the development of
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a higher order of understanding of tumor biology and immunology, but will be sure
to revolutionize the future of patient diagnosis, treatment selection, and ability to
monitor clinical responses.

The process has already begun in earnest. Table 1 lists some of the advanced
molecular assays that are currently used to perform molecular profiling of tumors.
Some of these assays are already CLIA-certified and commercially available, while
others are still in the earlier stages of development. As we will discuss throughout
this chapter, these technologies will enable the expansion of our current arsenal of
treatments, allowing for the refinement of current capabilities and the development

Table 1 Analytical methods that will influence the future diagnosis and treatment of cancer

Assay Purpose Material
tested

Quantity required

Whole exome
sequencing

Detection of somatic mutations Blood and
tumor DNA

250 nga

MIP array Gene copy number Tumor DNA 100 nga

RNAseq Quantitative transcriptome
analysis

Tumor RNA 250 ng

FusionPlex array Detection of known genetic
fusions

Tumor RNA 100 nga

Micro-RNA Micro-RNA profiling Tumor
miRNA

1 ug

Reverse-phase
protein array
(RPPA)

Phospho-protein profiling,
pathway activation, biomarkers

Tumor lysate 5 mga

Mass-spec-based
proteomics

Tumor proteomics profiling,
CAR target identification

Tumor lysate 50 mg

Mass-spec MHC-I
peptide elution

Immunopeptidome analysis, ID
of T-cell targets

Tumor
peptides

200 mg

Multiplex IHC
staining

Tumor microenvironment
biomarker assessment

Tumor
biopsy

One tumor
section for up to
8 biomarkersa

Tumor-infiltrating
lymphocytes
(TILs)

Generation of tumor-specific T
cells

Tumor
biopsy

50 mgb

TCR sequencing
and cloning

TCR CDR3 diversity analysis,
development of TCR-based
therapeutics

Tumor
biopsy DNA

20 nga

Patient-derived
xenograft (PDX)

Establish tumor cell line or
xenogeneic tumor model

Tumor
biopsy

10 mgb

HLA
peptide-binding
prediction
algorithms

Determine peptide epitope
binding of TAA to
patient-specific HLA alleles

Amino acid
sequence
information

N/A

aFFPE tissue OK
bRequires fresh tumor
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of completely novel approaches for the treatment of melanoma. Section 1 will
discuss how these methods can be used to discover patient-specific immunogenic
peptide antigens, information that can in turn be readily used to facilitate the
development of personalized vaccines for cancer patients. In Sect. 2, we will focus
on the future of T-cell-based immunotherapies, including the adoptive transfer of
antigen-specific, laboratory-expanded endogenous cytotoxic T lymphocytes
(CTLs), and genetically modified (TCR or CAR) T cells. Section 3 will focus on the
future of oncogene-targeted, checkpoint blockade, and other novel treatment
approaches, and how the next-generation technologies will be employed to improve
clinical diagnosis, treatment, monitoring, and patient outcomes.

2 Creating Ultra-Personalized Cancer Vaccines
and Immunotherapeutics

2.1 Identification of Mutated Tumor-Associated Antigens

CTL can kill tumor cells upon recognition of specific peptide fragments presented
at the cell surface by MHC class I (MHC-I) molecules, encoded by the HLA-A,
HLA-B, and HLA-C genes in humans. These peptide fragments are derived from
proteins made within cells, and their constitutive display to CD8+ CTL forms the
basis of immunosurveillance [19–23]. This system may have initially evolved to
combat viral infections; thus, CTL is very sensitive to changes in the peptide
repertoire displayed by MHC-I on cells of the body, which enables the detection of
intracellular viruses and clearance of virally infected cells. In a similar fashion, CTL
can recognize and respond to subtle changes in the peptide repertoire of tumor cells
that arise due to genomic instability [24, 25]. Accumulation of mutations within the
genome of cancer cells leads to amino acid sequence alterations in proteins that can
potentially be presented by MHC-I molecules at the cell surface as mutated peptide
antigens. Targeting such mutated tumor-associated antigens (TAA) with
T-cell-based immunotherapies has at least two significant advantages: (1) a high
level of tumor specificity, since somatic mutations would not be expressed by any
other cells of the body, and (2) increased immunogenicity, since the immune system
would be much less likely to be tolerized by prior exposure to such neo-antigens
in vivo [26].

Next-generation DNA and RNA sequencing have always held the promise of
achieving deeper levels of understanding of cancer. However, since techniques such
as whole exome sequencing (WES) and RNAseq (Table 1) have become more
widely available, it is now possible to perform a complete mutational analysis on an
individual person’s tumor within weeks at an affordable cost. In order to identify
mutated antigens in individual patients that could be targeted with T-cell-based
immunotherapies, WES is typically performed on both a tumor sample and a
normal peripheral blood sample from the same patient (Table 1). This allows for
comparison of the normal, germline exome with that of the tumor, which will likely
have accumulated genetic changes during the course of tumorigenesis [27].
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Bioinformatics analysis yields mutation calls in codons, which are categorized as
being either synonymous (not changing the amino acid of the encoded protein) or
non-synonymous (resulting in an amino acid alteration). Non-synonymous muta-
tions could become the source of mutated peptides being displayed as potential
targets on the tumor cell surface, so these mutations are of most interest. The
resulting amino acid changes are analyzed by specialized HLA-binding algorithms,
which can predict with very good accuracy whether a peptide has the biochemical
characteristics required for binding to a given HLA allele [28–30]. If a mutation
results in a peptide that is predicted to bind to an HLA molecule expressed by the
cancer patient, it is considered a good potential candidate T-cell target.

A number of laboratories have reported the utility of this method, both in cancer
patients and in animal tumor models [31–34]. In fact, emerging evidence suggests
that spontaneous antitumor immune responses may be preferentially directed
toward mutated antigens. This has been demonstrated in mouse models in which
T-cells spontaneously elicited against carcinogen-induced, immunogenic murine
tumors were shown to be specific for a single tumor-specific mutation [33]. In this
model, mutation-specific CD8+ T cells were both necessary and sufficient to
eradicate tumors. In humans, the success of checkpoint blockade therapy (discussed
further below) has been associated with mutational burden, suggesting that
enhanced immune responses resulting from therapy are also directed toward
tumor-specific mutations [35]. Furthermore, WES analysis of metastatic melanoma
patient tumors has demonstrated that both CD4+ and CD8+ tumor-infiltrating
lymphocytes (TILs) can show recognition and functional reactivity to peptides
derived from mutated tumor antigens [31, 32]. Although cause and effect cannot be
definitively proven, many of these patients experienced objective clinical responses
upon adoptive transfer of these expanded TIL, as discussed further below. Col-
lectively, these results highlight the immunogenicity of mutated antigens and
demonstrate why targeting these antigens is such a promising approach.

Although targeting mutated TAA has many advantages, there are also some
limitations to this approach. One important issue that has arisen from the data is that
very few mutations seem to be immunogenic in terms of generating spontaneous
immunity. For example, CD8+ TIL from melanoma patients that have undergone
objective responses to adoptive TIL therapy appear to recognize only 2–4 % of
predicted mutated epitopes, and the frequency is significantly lower when assessing
CD4+ TIL reactivity [31, 32]. However, it is very possible that a higher frequency of
mutated epitopes is actually presented on tumor cells but does not generate spon-
taneous immunity, and these could still be targeted. Mutational loads also differ
significantly between tumor types, with environmentally induced cancers such as
lung cancer (tobacco) or melanoma (sunlight) appearing at the high end of the scale
(containing 200–1000 somatic mutations) and most hematopoietic malignancies
showing significantly fewer (typically <20 mutations) [36]. This mutation load is an
important factor when one considers that not all mutated genes are transcribed and
expressed as proteins; in this context, RNAseq analysis is useful for confirmation of
gene expression (Table 1). In addition, only about half of somatic mutations are
non-synonymous. Furthermore, antigen processing machinery and the particular
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HLA alleles expressed by the tumor also play important roles in determining
whether a mutated antigen will actually be expressed at the cell surface in the context
of MHC-I molecules. For these reasons, it has been estimated that a tumor containing
200 somatic mutations will likely only present 2–5 mutated peptides at the cell
surface [26]. This implies that while it may be possible to identify and target mutated
epitopes in melanoma and lung cancer, mutated epitopes may be too few to reliably
target in most other cancers. Another disadvantage of this approach is that most
mutated epitopes constitute patient-specific “passenger” mutations which have
limited usefulness for other cancer patients. Conversely, oncogenic “driver” muta-
tions presented as immunogenic peptides would likely constitute ideal shared tar-
gets, particularly since expression of the mutated protein is presumed to be essential
for maintaining the malignant phenotype. Examples of such frequently occurring
mutations include codon 12 mutations to KRAS (expressed by >90 % of pancreatic
cancers and *30 % of lung cancers) and V600E mutations to BRAF (expressed by
nearly half of cutaneous melanomas) [37–40]. Regardless of the mutation type,
identification of mutated tumor-associated epitopes from individual patients remains
a critical goal of tumor immunologists, and one that is certainly feasible now that
next-generation sequencing technologies have become more widely available.

2.2 Identification of Non-mutated Tumor-Associated
Antigens

Non-mutated or “self” antigens can also constitute viable targets for T-cell-based
immunotherapy. These antigens fall into three broad categories: differentiation
antigens, cancer testis antigens, and antigens overexpressed in tumors compared
with normal tissues. Potential autoimmune toxicities are always a chief concern
with this approach, but the tissue-restricted nature of these antigens provides some
level of tumor specificity. The best studied of these are the melanoma/melanocyte
differentiation antigens, which include MART-1, gp100, tyrosinase, and
tyrosinase-related proteins (TRP)-1 and (TRP)-2, among others. Expression of these
antigens is highly restricted to melanocytes and melanomas that arise from these
cells. Consequently, autoimmune side effects of targeting these antigens typically
include vitiligo caused by melanocyte destruction in the skin, and uveitis caused by
T-cell recognition of melanocytes located near the retina [41, 42]. Cancer testis
antigens are genes whose expression is normally highly restricted to testis tissues,
but that are also frequently expressed by tumor cells. They include NY-ESO1, and
the MAGE and GAGE genes, along with many others [43, 44]. Tumor antigens that
are highly overexpressed in cancers include amplified genes such asMDM2, KIT, or
endogenous retrovirally (ERV) encoded sequences [45–47].

Direct elution of MHC-I bound peptides from the surface of tumor cells com-
bined with advanced mass spectrometry (MS) allows for global immunopeptidome
analysis, in which it is now feasible to directly identify several hundreds to thou-
sands of TAA from each patient tumor [48–51]. The vast majority of these peptides
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are non-mutated self-antigens; it has proven quite challenging to identify mutated
peptides using this method, even from melanoma cell lines containing a relatively
high mutation load [52]. This may reflect inadequate sensitivity of the detection
method or may be indicative of immuno-editing, in which the most immunogenic
tumor cell variants are “edited out” or culled in favor of antigen-loss variants
[53, 54]. Since the biggest concern in targeting non-mutated antigens is the
induction of off-target autoimmune side effects, it is very important to understand
whether a given tumor-associated peptide is expressed in normal tissues, and which
normal tissues they are. Currently, the GTex Portal public database provides
RNAseq data from *50 different human tissues derived from dozen of donors
(www.gtexportal.org). Although RNA data do not provide any direct information
regarding antigen presentation in these normal tissues, RNA transcript levels often
correlate with protein expression levels, allowing for an indirect assessment of how
likely a peptide is to be expressed. Thus, the source gene for every tumor-associated
peptide detected by MS can be vetted to reduce risk and ensure that RNA transcript
expression levels in essential tissues such as heart, brain, lung, liver, colon, and
kidney are very low to absent. In addition, The Cancer Genome Atlas (TCGA)
database contains RNAseq data from thousands of patients with many different
cancer etiologies, allowing for the identification of genes that are overexpressed in
tumors as compared to normal tissues (http://cancergenome.nih.gov and http://
www.cbioportal.org/). In practice, the majority of peptides detected by MS are
derived from source genes that are either ubiquitously expressed or expressed at
substantial levels in essential tissues, and are thus deemed inappropriate to target.
However, peptides derived from differentiation, cancer testis, or overexpressed
tumor antigens can also be routinely detected by MS in most patient tumors,
suggesting that this method could be very powerful for enabling the design of
individualized immunotherapies, particularly for patients bearing cancers with low
mutation loads.

Despite the mechanisms of central and peripheral T-cell tolerance against
self-antigens in vivo, spontaneous immune responses against non-mutated tumor
antigens are not uncommon. In fact, the first studies of antitumor reactivity in
melanoma TIL revealed that MART-1 and gp100 were frequent targets of the
antitumor immune response and thus were among the first tumor antigens docu-
mented [55]. Subsequently, many studies in patients with different cancers have
shown that CD8+ T-cell reactivity can be detected against several other
non-mutated tumor antigens, and these T cells can increase to significant numbers
following vaccination, as will be discussed below. It is also possible to break
tolerance against some non-mutated antigens using in vitro T-cell expansion
methods that include culturing peripheral blood cells with specific peptide antigen
and γ-chain cytokines including interleukin (IL)-2, IL-7, and IL-21 [56].

One important advantage of targeting non-mutated tumor antigens is that many
of these can be shared between cancer patients with matching HLA types. Anti-
tumor immune responses in melanoma patients that express HLA-A*0201 have
been very well-characterized over the past two decades; thus, several shared anti-
genic peptides have been identified that have been targets in a number of clinical
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trials involving vaccination and/or adoptive T-cell transfer [57–60]. An important
challenge is extending this knowledge of targetable peptide antigens to patients
with other HLA types. Since HLA genes are among the most polymorphic genes
known and since each allele has a unique peptide-binding preference, there still
exists a large catalog of human tumor antigens that have yet to be documented.
However, once a suitable tumor antigen target has been identified in a given patient,
other peptides from the same source gene can be analyzed for potential binding to
other HLA alleles. In this context, HLA peptide-binding prediction algorithms such
as NetMHC3.4 have proven very useful for expanding the targetable peptide uni-
verse [61]. Although only a small subset of predicted binders are actually processed
and presented by HLA molecules on tumor cells, such predictive algorithms can
substantially reduce the number of potential candidate epitopes to screen. Predictive
algorithms are now available for >100 HLA alleles, and despite criticisms of false
negatives and variable prediction quality for different alleles, they provide a very
important level of quality control for screening tumor-associated peptides detected
by MS. These algorithms can also be used in conjunction with MS analyses to
uncover previously unknown tumor antigens. For example, to discover NY-ESO1
peptides that are presented by a relatively rare HLA allele such as HLA-A*2501,
the tumor antigen source protein and/or HLA allele can be overexpressed in a tumor
cell line and subjected to peptide elution and MS analysis. In parallel, HLA-binding
algorithms can be used to predict which NY-ESO1 peptides are likely to bind to
HLA-A*2501; these peptides can be synthesized and characterized by MS in order
to analyze their natural fragmentation profiles and HPLC retention times. Per-
forming targeted MS analysis on the peptides eluted from the cell line can then
provide high-confidence identification for any matching peptides [62, 63]. Thus,
while comparison of RNAseq gene expression data from normal tissues and tumor
(i.e., TCGA or patient-derived) can identify appropriate non-mutated
tumor-associated proteins to target, HLA prediction algorithms and MS analysis
can be used to hone in on the exact peptide sequences from these proteins that are
actually presented by individual cancer patients.

2.3 Cancer Vaccines

Few approaches to treating cancer have raised as many hopes as that of cancer
vaccines. Over the past 10 years, patient vaccination trials ongoing or completed
have totaled well over a thousand (https://www.clinicaltrials.gov). Unfortunately,
the reality had not yet come close to reaching the promise, as a meta-analysis of
cancer vaccine trials performed at multiple institutions over nearly a decade showed
a paltry collective objective response rate of <5 % [64, 65]. Although select vaccine
trials have shown a survival benefit in some cancers, overall the results have been
highly disappointing. In light of this, what is the future of cancer vaccines? Can
they be improved upon to the point of demonstrating consistent clinical benefit for
patients, or should this approach be dropped? Despite the disappointing results, it
can be argued that cancer vaccine approaches of the past have been sub-optimal for
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at least three reasons: (1) use of weak or even deleterious vaccine adjuvants,
(2) targeting of weakly immunogenic TAAs/sub-optimal antigen presentation, and
(3) selection of inappropriate patient populations. A re-assessment of the collective
human and animal vaccine data suggests a number of important ways immunization
approaches could be improved going forward, as outlined below.

Extensive studies have now been performed in several animal tumor models to
answer the question of which factors are most important for eliciting tumor-specific
CD8+ T-cell responses in the context of vaccination. Much information has been
gleaned from studies of antiviral immune responses, in which enormous numbers of
viral-specific T cells are naturally generated in 1–2 weeks in the course of suc-
cessfully clearing the virus. Natural viral vectors genetically engineered to express
TAAs are generally very potent at inducing antitumor CD8+ T-cell responses, but
their effectiveness can be rapidly blunted by antibody-mediated humoral immunity
directed against the viral vectors [66, 67]. Nonetheless, this is a promising treatment
approach that is being actively explored [68–71]. Many cancer vaccinologists have
focused efforts instead on recapitulating the endogenous signals that lead to suc-
cessful antiviral immune responses in order to improve antitumor immunity. Since
dendritic cells (DCs) are the most potent antigen-presenting cell known for acti-
vating naïve T-cell responses, the most effective vaccines will likely either employ
these cells directly (grown ex vivo and infused for vaccination) or will be designed
to activate endogenous DCs in situ [72–74].

Many cancer vaccine trials have employed incomplete Freund’s adjuvant (IFA),
a mineral oil-like substance that forms a long-lived depot in the body when injected
along with antigenic peptides or proteins [75–77]. While IFA does serve to protect
peptides from degradation, thus prolonging antigen presentation, it also preferen-
tially attracts primed CD8+ T cells back to the vaccination site, thus effectively
sequestering them from the tumors [78, 79]. These basic insights have cast hun-
dreds of IFA-based cancer vaccine trials in a new light and suggest that alternative
adjuvants must be explored in future vaccine formulations. In addition, we now
know that tumor antigen presentation by non-professional APCs can actively blunt
CD8+ T-cell activation and promote tolerance. Thus, immunizing directly with
processed TAA peptide epitopes may actually be detrimental to the generation of
effective TAA-specific immunity [80]. Restricting TAA presentation to DCs in vivo
can be achieved by immunizing with long peptides that require APC-specific
processing in order to be presented [81, 82]. However, DCs still require specific
activation signals in order to become mature and thus licensed to prime naïve CD8+

T cells [72, 83]. Two signals most important for optimal DC activation are toll-like
receptor (TLR) signaling and CD40 signaling. TLR ligands derived from viral or
bacterial pathogens are potent mediators of DC activation and directly bridge the
gap from innate to adaptive immunity [84]. CD40 signaling is normally provided to
DCs in vivo by CD4+ T-helper cells, but use of CD40-specific antibodies can
substitute for this signal, proving very effective at inducing CD4-independent
antitumor CTL responses [85]. In DCs, concurrent signaling of TLR with CD40
leads to the expression of costimulatory molecules including CD86 and CD70 that
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are critical for naïve CD8+ T-cell activation [86]. This combination of signals has
proven to be effective at inducing tumor regressions in multiple murine tumor
models and in some cases induce complete cures [87–89]. Remarkably, vanishingly
few cancer vaccine trials in humans have employed strategies utilizing this com-
bination. It is critical that future vaccination approaches relying on activating
endogenous DCs be mindful of the signals required to achieve optimal activation
and T-cell priming.

Due to the potential induction of T-cell tolerance, in the context of cancer
vaccines TAA presentation is best left to professional APCs, of which DCs are the
prototype. Accordingly, autologous DC-based cancer vaccines have proven to be
one of the most effective approaches for generating antitumor CTL responses both
in mouse and human studies [72, 90]. They possess all of the natural components
required for the priming of an effective T-cell-mediated immune response and also
hold the important advantage over viral vaccines that they do not induce neutral-
izing immunity after repeated immunizations [91]. DC vaccines are usually derived
from peripheral blood monocytes that have been differentiated into DCs in vitro.
Following differentiation, DCs are typically activated with various maturation
signals for 1–2 days, then loaded with antigenic peptides, recombinant proteins, or
tumor cell lysates just prior to immunization. The latter two antigen-loading
strategies are designed to be useful for all patients, regardless of HLA type or
knowledge of antigenic peptides. However, the protein-loading approach relies on
the relatively inefficient process of cross-presentation, resulting in very low levels
of antigenic peptides being presented at the DC surface [92]. The tumor cell lysate
approach suffers from the same drawback, but is compounded even further by the
fact that the DCs are required to process and cross-present thousands of different
tumor-associated proteins simultaneously. In light of the fact that the majority of
tumor-associated proteins are not tumor specific, it seems unlikely that this
approach will be capable of generating effective tumor-specific immune responses.
This has also been borne out in dozens of clinical trials using autologous or
genetically modified allogeneic tumor cell lysates as vaccines, which consistently
demonstrate relatively weak antigen-specific T-cell priming and only anecdotal
clinical responses [64, 93]. By contrast, DCs pulsed with known minimal peptide
epitopes have been shown to be very potent at generating TAA-specific CTL
responses in mice that were associated with significant protection from tumor
challenge and tumor regressions in some murine tumor models [91, 94, 95].
Peptide-pulsed DC vaccination of human cancer patients has also been successful at
generating significant antigen-specific CD8+ T-cell responses as measured in
peripheral blood, but objective clinical responses to DC vaccination remain rare
[72, 96, 97]. This may be due in part to the very limited number of shared tumor
antigens that have been tested clinically. As discussed above, it is now possible to
use WES, MS, and bioinformatics technologies to routinely identify patient-specific
tumor antigens. Clearly, it will soon be possible to prepare personalized autologous
DC vaccines pulsed with multiple individualized peptides, including the most
immunogenic mutated and non-mutated antigens, in order to raise effective anti-
tumor immunity against multiple tumor targets. This individualized approach has
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not been tested directly, but will likely represent an improvement over the “one size
fits all” philosophy that most vaccine trials have historically employed. As dis-
cussed further below, if DC vaccines are not capable of inducing tumor regressions
directly, they can still raise the precursor frequency of TAA-specific T cells in the
peripheral blood of cancer patients that could in turn be expanded further in vitro
for adoptive transfer.

The clinical data are very clear that while adoptive T-cell transfer is certainly
capable of inducing objective tumor regressions in advanced cancer patients with
bulky tumors (as detailed further below), cancer vaccines are not [98]. The failure
of cancer vaccines to facilitate regressions in patients with clinically evident disease
may be blamed partly on unrealistic expectations for this treatment modality:
Although many vaccine approaches have been successful at generating detectable
tumor antigen-specific T cells in patient peripheral blood, these immune responses
are typically not of sufficient magnitude to impact solid tumors containing trillions
of cancer cells. Although some issues regarding sub-optimal T-cell trafficking to
tumor sites remain unresolved, it may be more useful to consider moving cancer
vaccines into the setting of patients in remission or with no evidence of disease
following first-line treatment, but who are nonetheless at high risk for recurrence. In
this patient population, tumor burdens are presumably low enough that immune
responses raised by vaccines may be capable of clearing these residual tumor cells,
thus effectively preventing recurrence altogether. These types of vaccine trials
typically need longer periods of time to assess efficacy, and possibly high numbers
of patients to observe a statistically significant effect. The increased time and
associated costs have likely dissuaded many of these types of trials from being
performed. However, in light of the long list of failed vaccine trials in cancer
patients with advanced disease, it is likely imperative that the context be shifted to a
different patient population where such immunization approaches may have a more
realistic chance to succeed.

3 Adoptive T-Cell Transfer

T cells reactive against melanoma TAA exist in melanoma patients. Their pro-
portion in the circulation is relatively low, but they are greatly enriched in the tumor
tissue. Different methodologies have been developed to either isolate those cells
from the blood or to expand tumor-specific T cells from the tumor tissue ex vivo for
re-infusion into the patient (Fig. 1). Moreover, new technologies have emerged now
allowing conversion of any T cell into tumor-specific T cells by genetically con-
trolling T-cell receptor (TCR) gene expression, or to endow T cells with defined
characteristics such as response to chemokines or production of specific cytokines.
Recent advances in our understanding of immunology coupled with technological
breakthroughs have made way for the development of very powerful new
immunotherapy strategies.
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3.1 Use of Naturally Occurring Tumor-Specific T Cells

Tumors are visible to the immune system since tumor-reactive T cells are detected
in the blood and accumulate in the tumor tissue. Clinical regression of tumors can
be obtained when such cells are isolated, expanded, and re-infused to the patient.
The first part of this section will discuss the use of naturally occurring
tumor-reactive T cells from the blood, while the last section will focus on the tumor
tissue as a source of tumor-reactive T cells.
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Fig. 1 Epitope discovery engine and T-cell therapy for melanoma. Two approaches to epitope
discovery are depicted (bottom panel). To identify neo-antigens arising from mutations (left side),
the whole genome sequencing of the tumor tissue is first performed. Mutated sequences are then
interrogated for the coding of immunogenic peptides through the use of algorithms to predict
peptides binding to the patient’s HLA molecules. The second approach consists of rather eluting
peptides off of fresh tumor tissue or cultured tumor lines by immunoprecipitation of the HLA
molecules and further eluting the peptide under acidic conditions followed by identification of the
peptides by mass spectrometry (right side). Peptides found or predicted by these approaches could
potentially be synthesized and used directly to vaccinate patients with the proper adjuvant.
TAA-derived peptides can also be used to derive peptide-specific T-cell lines from the patient’s
blood (upper left panel). Peptide-specific T cells can be selectively enriched and further expanded
to large scale for infusion back to the patient. Alternatively, T cells can be grown directly from
tumor tissue. Screening for neo-antigen specificities is an optional step of TIL therapy, signified by
the dotted lines, since the TIL product is already enriched for tumor-reactive T cells (upper right
panel). During their expansion, T cells can be genetically modified. Typically, a defined T-cell
specificity is conferred to peripheral blood T cells by transferring a TCR or CAR molecule to
ensure uniform tumor targeting, while genes enhancing functionality are rather expressed in TIL
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3.1.1 Tumor Antigen-Specific Peripheral Blood-Derived T Cells
Several TAA have now been identified. Naturally occurring T cells specific for
TAAs are circulating in the blood at very low frequency. Strategies have been
developed to isolate and expand these T cells from a blood draw. Typically, T cells
are expanded ex vivo by repeated re-stimulation with cognate peptide antigen to
enrich for the desired T-cell specificity, after which the cell product is single cell
cloned by limiting dilution. Each single cell is then re-expanded, and its progeny is
tested for reactivity to the desired tumor antigen. Clonal populations of T cells
found to be reactive against desired TAA are further expanded in a rapid expansion
process (REP) to be infused to the patient. This is a long and laborious process
(often 3–4 months). The transfer of melanoma TAA-specific CD8+ T-cell clones to
patients has consistently led to the destruction of normal melanocytes expressing
the antigen, but has generally had limited therapeutic efficacy against the tumor
tissue [99–102] with some exceptions [103]. One case report definitely highlights
the clinical efficacy of a CD4+ T-cell clone specific for NY-ESO1 antigen which led
to a complete response in a melanoma patient [104]. Therefore, there is evidence
that this strategy can produce clinical benefit. Obstacles to the development of this
approach reside in the complexity of manufacturing and the choice of antigen.

On the manufacturing front, technical advances such as the recent availability of
a clinical grade cell sorter now permits to rapidly isolate a T-cell population uni-
formly recognizing a single antigen of interest [105]. This advance alleviates the
cumbersome step of single-cell cloning. The major difference in the end product
generated with this approach is the polyclonality of the expanded T cells. Focusing
on a polyclonal population may insure the selection of a diversified T-cell repertoire
of varied affinities against the antigen of choice. Also of critical importance is the
development of a robust T cell expansion process ensuring that a population of T
cells reactive to the antigen of choice can reliably be expanded from every patient
enrolled for therapy. The removal of Tregs through CD25 depletion of the blood
product before stimulation for T-cell expansion coupled with the in vitro use of
Interleukin 21 (IL-21) during the culture led to improved outgrowth of
TAA-specific CD8+ T cells with a less differentiated phenotype [56]. Clinical trials
are now testing the therapeutic efficacy of polyclonal TAA-specific autologous T
cells grown with IL-21.

So far, the TAAs that have been targeted with autologous T cells have mainly
been proteins whose expression is much higher in tumors compared with normal
tissue such as Melan-A/Mart-1 or gp100 for melanoma. However, the fact that
those proteins are also expressed in some normal tissues has led to measurable
toxicity. For example, targeting of melanocyte differentiation antigens has led to
autoimmune attack of normal melanocytes of the skin, eye, and ear, leading to
vitiligo, uveitis, and hearing loss (reversible with local steroid administration). The
lack of tumor targeting might be attributable to expression of the antigens on a large
number of normal melanocytes, thus diverting the T cells. Lower affinity T cells are
expected to be found for epitopes normally expressed in the host as a product of
thymic selection. As discussed above, the discovery of neo-antigens arising from
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mutations in tumor tissue unveils a new class of TAA that has the potential of
specific and powerful targeting of tumors. Targeting such antigens uniquely
expressed in the tumor would circumvent the toxicity issue. Presumably, a larger
repertoire of higher affinity T cells recognizing “foreign” determinants should exist
in the periphery because these T cells would not have been subjected to negative
selection. Mouse models have demonstrated the effectiveness of mutation-reactive
T cells in tumor clearance [33, 106]. T-cells specific for mutations found in the
tumor also exist in cancer patients [107, 108]. Furthermore, the ex vivo expansion
and transfer of T cells recognizing tumor mutations have led to clinical regressions
in cancer patients, validating this approach [109, 110].

3.1.2 Broad-Spectrum Tumor-Specific T Cells: TIL
Tumor-infiltrating lymphocytes (TILs) are T cells found within tumor tissue. In
mice, it was observed that TILs are 50–100 times more effective against tumor
targets than lymphokine-activated killer (LAK) cells expanded from the blood
[111]. TILs have a poor ability to kill tumor cells right after isolation from tumor
tissue, but this function is recovered with ex vivo culture in media containing
interleukin-2 (IL-2) [112]. Based on this observation, clinical trials using autolo-
gous ex vivo expanded TIL were conducted in metastatic melanoma patients. Poor
persistence of the transferred T cells and transient clinical responses were initially
reported [113, 114]. The clinical response rate was later substantially augmented by
adding pre-infusion host conditioning. With chemotherapy-induced transient lym-
phodepletion as host preconditioning and high-dose bolus IL-2 as cytokine support,
the therapy reached a 38–51 % clinical response rate. Increased T-cell persistence
post-transfer was measured and produced durable responses, with a 10–20 %
reported complete response rate [115–119]. Two studies performed on a small
number of patients measured a 20–30 % objective clinical response when infusing
lower TIL numbers and substituting high-dose bolus IL-2 with low-dose IL-2
administered subcutaneously in TIL therapy regimen [120, 121]. Although the need
for lymphodepletion preconditioning and IL-2 support to infused T cells is fairly
well-established, the extent of lymphodepletion or the dose of IL-2 needed have not
been precisely determined. Most studies err on the side of caution and administer
high doses of both lymphodepletion and IL-2 to maximize the potential of T cells to
engraft and proliferate—but often at the expense of high but manageable toxicities
for the patient. This has limited the use of TIL therapy to patients that are fit enough
to sustain these toxicities. To extend the use of TIL to a broader patient population,
including possibly patients from other cancer types, milder regimens will likely
need to be rigorously evaluated.

The final infusion products used in TIL therapy remain largely uncharacterized.
The infused cells consist of a combination of CD8+ and CD4+ T cells recognizing
the autologous tumor to varying degrees. High-throughput TCR sequencing of T
cells from cancer patients shows that T-cell clones present in tumor tissue are
distinct from T-cell clones found in the blood or adjacent normal tissue [122]. These
data reinforce the concept that the T-cell population within tumor tissue is
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selectively enriched for tumor-specific T cells. However, very little is known about
what antigens are recognized by melanoma TIL. Less than 5 % HLA-A2 positive
TIL have been shown to recognize HLA-A2-restricted epitopes derived from
known shared TAAs [123]. Recent studies suggest that epitopes derived from
mutations found in the tumor are recognized by a proportion of TIL in a majority of
melanoma patients. However, due to the unique mutation profile and HLA subtypes
found in each patient, screening for those epitopes has been challenging. Since
melanoma is known to have a high mutational load, much effort is being devoted to
the development of methods to find and expand mutation-specific T cells for
clinical use [36, 124]. A number of recent studies have shown the prevalence and
clinical effectiveness of TIL recognizing mutations in melanoma [31, 32, 110, 125].
Although some cases have been documented, it remains to be seen how often this
type of spontaneous immunity occurs in other cancers [125].

Better clinical outcome has been linked to the infusion of TIL products with
higher content of CD8+ T cells [118, 126, 127]. However, a randomized study was
done to compare unselected TIL products to CD8-enriched TIL products, and no
significant differences were observed in the clinical outcome of patients between the
2 arms [128]. This study demonstrated that CD8+ TILs are sufficient to produce
clinical benefit but showed no value in enriching for them. Moreover, a recent study
clearly demonstrated the clinical effectiveness of a CD4 TIL clone recognizing a
mutated tumor-associated antigen [125]. CD4 T cells are known to produce
cytokines and provide costimulation to help CD8 T-cell expansion and function.
Although CD4 help is needed for CD8 priming and memory formation, it is not
clear whether memory CD8+ T cells, such as the antigen-experienced T cells found
within tumors, require CD4 help for further expansion and anti-tumor function.
A recent study asked this very question using a mouse melanoma tumor model and
demonstrated that the cotransfer of tumor-specific CD4+ and CD8+ T cells was
beneficial for CD8+ T cell persistence and function [129]. These data support the
idea that both CD8 and CD4 TIL can mediate tumor regressions and emphasize the
value of keeping a CD4 TIL population in the infusion product.

Aside from tumor antigen specificity, other characteristics of TIL have been
linked to better clinical outcomes. For example, T-cell differentiation status is
known to impact functionality. Several studies have demonstrated the superior
value of transferring less differentiated cells to obtain maximal proliferation
potential and persistence. The goal of adoptive T-cell therapy is to transfer not only
cells with tumor specificity, but cells that will engraft and create a long-lived
memory pool to provide sustained tumor control. Only a small fraction of differ-
entiating T cells will form a durable memory pool. A subpopulation of very early
memory T cells has recently been identified as having stem cell memory-like
characteristics (Tscm) in which the cells have the ability to self-renew and differ-
entiate into all memory and effector T-cell types [130]. Cell culture conditions to
generate Tscm cells from the naïve T-cell repertoire have been described, making it
possible to derive Tscm cells in vitro [131]. Other strategies found to revert
the T-cell phenotype from effector to memory are inhibition of the AKT or the
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Wnt/β-catenin pathways [132–134]. Increased expression of B and T lymphocyte
attenuator (BTLA) on infused CD8+ TIL also favors better clinical outcome [118].
BTLA confers better proliferative capacity in response to IL-2, better resistance to
activation-induced cell death (AICD), and marks CD8+ TIL at an earlier differen-
tiation status [135]. It will be important to refine the pedigree of the desired T cells,
thus allowing for the generation of a defined T-cell product with reproducibly high
antitumor potency.

The technical ability to control both T-cell specificity and differentiation status
could conceivably yield a very powerful treatment regimen. Ultimately, a combi-
nation of better tumor specificity and improved T-cell fitness will be the key to
improving the clinical effectiveness of ACT therapy. A number of new technologies
will help to translate these scientific discoveries into the clinic. For example,
clinical grade cell sorting technology is now available (MACSQuant Tyto, Mil-
tenyi), allowing for sorting of freshly isolated TIL of a defined specificity using
tetramers, or to sorting of activated T cells based on the surface expression of
activation markers such as CD137 or PD-1 as a means of enriching for
tumor-reactive cells. Trials are ongoing to test efficacy of CD137-sorted TIL
(NCT02111863). Alternatively, an anti-CD137 can be added to early TIL culture to
favor expansion of tumor-reactive CD8+ TIL [136]. Advances in our understanding
of the characteristics of the most effective tumor-reactive T cells coupled with these
technological advances will ultimately lead to the generation of more effective TIL
products in the near future.

TIL therapy has now been performed on over 400 melanoma patients and
reported in publications from 6 institutions worldwide [115, 117, 118, 119, 120,
121]. A major limitation to the dissemination of this therapy is that current
methodologies for TIL expansion are labor intensive and often cost-prohibitive.
Industrialization of the process will be needed in order to scale up treatments for a
large number of patients. The challenge that lies ahead will be to make use of the
technological advances to streamline the process of TIL generation. Once final
culture conditions are locked, a fully automated and closed cell culture system will
need to be adopted for this treatment to make it past the level of “boutique” therapy
that it is today. A number of bioreactor types or scalable cell culture systems have
been tested so far and found to be suitable for TIL clinical manufacturing [137–
139]. For the time being, those systems all have some shortcomings and nothing has
yet provided a fully automated TIL production solution. Academia and industry
will have to work together to develop a TIL product that is both potent and
cost-effective.

As mentioned above, TIL therapy has now been explored in cancer types outside
of melanoma. TIL have been grown and studied in other solid tumor types,
including ovarian and colorectal cancers [23, 140, 141, 142, 143, 144] and even
used to successfully treat a patient with metastatic cholangiocarcinoma [125].
Knowledge from longstanding experience with melanoma TIL is being used to
tackle translation of this therapy to other tumor types. The field is bound to rapidly
evolve in the next few years, as researchers uncover the nature of T cells infiltrating
other tumor types and assess the suitability of TIL therapy for these cancers.
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3.2 Engineering T Cells

T cells can be genetically engineered to target the antigen of choice. Two
approaches have been tested in this regard, utilizing gene therapy to introduce
TCRs or chimeric antigen receptors (CARs).

3.2.1 TCR-Transduced T Cells
The first strategy consists of cloning the TCR alpha and beta chain genes of a T-cell
recognizing the antigen of choice with reasonable affinity and then inducing its
expression in patient T-cells isolated from the blood. The TCR gene-modified cells
are then expanded ex vivo and re-introduced into the patient. The resulting popu-
lation of T cells uniformly recognizes one TAA in an HLA-restricted manner,
which limits the applicability of this approach to patients sharing the restricting
HLA allele. A major limitation so far with this approach has been in identifying
appropriate TAA with expression patterns restricted to the tumor tissue, in order to
avoid off-target toxicities.

For example, an HLA-A*0201-restricted MART-1-specific TCR obtained from
CD8+ TIL isolated from a melanoma patient with a complete response to TIL
therapy was used to gene-modify T cells for adoptive transfer into other
HLA-A*0201-positive melanoma patients. Results from this study showed a lower
response rate than the use of bulk TIL populations, with only 2/15 patients
responding (13 %) compared to a reported 50 % response rate of TIL therapy [59].
A subsequent trial using a TCR with dramatically improved affinity for the TAA
(MART-1 or gp100) demonstrated better clinical efficacy (30 % for MART-1 TCR,
19 % for gp100 TCR), but also a substantial increase in autoimmune manifestations
of uveitis and hearing loss due to the destruction of melanocytes of the eye and ear
(41.7 %) [145]. Similarly, the transfer of autologous T cells transduced with an
affinity-enhanced TCR recognizing the carcinoembryonic (CEA) antigen in 3 col-
orectal cancer patients produced dose-limiting toxicities in all 3 patients due to the
induction of severe transient colitis [146]. The cancer–testis antigen
melanoma-associated antigen A3 (MAGE-A3) has also been targeted with
TCR-transduced T cells using a TCR that had been genetically engineered to
enhance functional avidity for a MAGE-A3 peptide presented in the context of
HLA-A*0201 molecule [147]. Clinical responses were seen in 5 patients out of 9,
with two durable responses of more than one year. Unexpectedly, 3 patients treated
experienced serious neurotoxicity which led to two treatment-related deaths. Brain
tissue was later found to express low levels of MAGE-A12, resulting in the pre-
sentation of an epitope also recognized by the TCR. Another trial utilizing
MAGE-A3 affinity-enhanced TCR-transduced T cells recognizing a peptide in the
context of HLA-A*0101 found lethal cardiotoxicity in the first 2 patients infused
[148]. In this case, the toxicity was found to be caused by cross-recognition by the
transduced TCR of a structurally related peptide derived from titin, a very large
protein expressed by a subset of muscle cells in the heart.
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These clinical examples involving transfer of autologous T cells modified to
express engineered TCRs with “supra-physiological” affinity for a defined TAA has
clearly demonstrated specific activity in vivo but definitively suffers from demon-
strated “on-target, off-tumor” toxicity. The strong reactivity found to a peptide from
a completely different protein expressed in the heart certainly highlights the sig-
nificant risk and potential clinical importance of TCR cross-reactivity, particularly
since the target peptide only shared 5 out of 9 amino acids with the TAA being
targeted. Although algorithms exist to predict binding of peptides to HLA mole-
cules, the level of degeneracy permitted by a given TCR on recognition of cognate
peptide is unclear for a majority of HLA molecules. A recent study showed that one
TCR from a patient-derived CD8+ T-cell clone involved in the pathology of
autoimmune type 1 diabetes may be able to bind up to 1 × 106 related but distinct
peptides [149]. In this work, a decamer peptide differing from the index peptide at 7
out of 10 amino acids was over 100-fold more potent at eliciting T-cell activation.
Manipulating TCR affinity to achieve supra-physiological levels has clearly resulted
in unanticipated toxicities. As discussed in Sect. 1, refinement of peptide-binding
prediction tools as well as the development of improved in vitro screening methods
and bioinformatics tools like gene expression data from normal tissues is currently
being employed to make this approach safer.

The therapeutic value of this approach could potentially be greatly augmented
with the use of safer TAA strictly not expressed by essential normal tissues; thus,
the identification of shared TAA with better toxicity profiles is clearly warranted.
Recent data showing high clinical response rates in cancer patients following the
transfer of TCR-transduced T cells targeting the cancer germline antigen NY-ESO1
and the absence of toxicity associated with the transferred cells support this concept
[150]. NY-ESO1 might be a good prototype antigen since it is normally only found
on germline tissues that do not express HLA molecules and therefore cannot be
targeted by T cells in an antigen-dependent manner. The treatment led to objective
clinical responses in 11/18 (61 %) of synovial cell sarcoma patients and in 11/20
(55 %) melanoma patients, including 5 complete remissions lasting at least 2 years.
Encouragingly, NY-ESO1 is but one of many examples of cancer–testis antigens
that may be safely and efficiently targeted by TCR-transduced T cells in future.

3.2.2 Chimeric Antigen Receptor (CAR)-Modified T Cells
The second approach for retargeting of T cells is to introduce a completely engi-
neered antigen receptor: The CAR has been designed to effectively combine the
high-affinity antigen recognition domain of an antibody with the efficient killing
machinery of a T cell. This was accomplished by creating a molecule that links the
variable domains of an antibody to the intracellular signaling domains of the TCR
complex. Thus, the recognition afforded by CAR is HLA-independent and is
directed at a protein expressed on the surface of tumor cells. CAR T cells have a
very low threshold of activation as antibodies have affinities in the range of
10−6–10−9 M, two to three logs higher than the typical TCR affinity range of
10−4–10−6 M.
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Early studies of CAR-modified T cells for ovarian cancer immunotherapy
utilized an antibody to a folate-binding protein linked to the intracellular domain of
the common gamma chain of the Fc receptor for the immunoglobulins IgE and IgG
[151]. Although in vitro and in vivo studies demonstrated good activation and
tumor killing by CAR T cells upon antigen exposure, a phase I clinical study
reported poor persistence of the cells in the circulation post-infusion, correlating
with poor migration to tumor tissue, and no clinical benefit [152]. In subsequent
generations of CARs, the Fc gamma receptor component was replaced by the
intracellular domain of the TCR molecule and intracellular domains of costimula-
tory molecules such as CD27, CD28, 4-1BB, or OX-40 were added. This resulted
in greatly improved persistence of the transferred CAR T cells and significant
clinical benefit began to emerge. B-cell malignancies in particular have been
effectively targeted by second-generation CAR T-cell therapy incorporating the
signaling domains of either CD28 or 4-1BB molecule. Thus, B-cell acute lym-
phoblastic leukemia, chronic lymphocytic leukemia, and diffuse large B-cell lym-
phoma have been successfully treated with the use of CAR T cells recognizing
CD19, with reported complete remissions in 50–90 % of the patients [153–157].
The only solid tumor with reported objective clinical responses to CAR T-cell
therapy is in pediatric glioblastoma using CAR T cells specific for the Ganglioside
2 (GD2) molecule, with 3/11 patients with active disease at infusion experiencing
complete remissions. The complete response was short-lived for one patient but
durable for the two others, lasting over 60 months in one case and over 21 months
for the third patient [158]. Importantly, GD2 CAR T-cell administration did not
induce any severe or dose-limiting toxicity (DLT) in the glioblastoma patients.
More recently, the infusion of T cells transiently expressing a CAR specific for
mesothelin using a RNA expression system was reported to be safe in 2 patients and
also showed evidence of clinical efficacy [159]. The transient expression of CAR on
T cells required the repeated injections of T cells. This was developed as a safety
measure to prevent toxicity if off-target damage should arise, but in one patient, it
actually caused the development of IgE antibodies against the murine antibody
portion of the CAR molecule, leading unexpectedly to an anaphylactic reaction and
cardiac arrest within minutes following the third cell infusion [160]. This event took
place 49 days after the first infusion. The toxicity was manageable, and the patient
fully recovered, but this experience has led to the realization that CAR T cells using
murine antibodies can be immunogenic. This also raises important concerns
regarding potential recognition and clearance of CAR-modified T cells by the
immune system, which would greatly limit their persistence. Future studies shall
determine which environmental factors such as chemotherapy preconditioning
regimens and post-infusion cytokine support matter for CAR T-cell persistence.
Features of CAR construct ameliorating persistence, and function should also
emerge from future trials and will dictate what cosignaling intracellular components
should be used to endow the best qualities to CAR T cells.

Second- and third-generation CAR T cells are probably the most powerful
effector T cells currently in use and must be employed with caution. For hemato-
logic malignancies treated with CAR-modified T cells targeting CD19, the CAR
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T-cell infusion led to the rapid eradication of all cells expressing the target molecule
for a high proportion of patients. Therapy-related toxicities often accompany this
rapid and powerful tumor killing. Cytokine release syndrome (CRS) is character-
ized by high fevers, hypotension, and hypoxia and is due to the release of soluble
factors in the blood by the activated CAR T and other immune cells. The impor-
tance of the CRS has been directly linked to tumor burden and correlates with CAR
T-cell expansion [156]. This potentially serious side effect can be managed with the
administration of the interleukin-6 receptor antagonist tocilizumab [161]. In the
case of CD19 CAR T cells, the recognition of cognate antigen on normal B cells
also leads to B-cell aplasia and reduction in circulating levels of immunoglobulin,
which can be managed by the infusion of gammaglobulins. Other CAR T cells
targeting antigens later found to be expressed even at very low levels on essential
organs caused significant toxicity. For example, CAR T cells directed at the ERBB2
protein infused into a colon cancer patient reacted against minimal levels of the
protein expressed by the lung, causing respiratory distress within 15 min of infu-
sion. The patient later developed severe hypotension which progressively evolved
and caused the patient’s death 5 days later [162]. A very large number of
ERBB2 CAR T cells were infused into this patient (1010), which is clearly a cause
for exploring safer levels of infusion product in early trials. Dose-limiting liver
toxicity has also been observed at much lower CAR T cell doses of 0.2–2.1 × 109 in
4/8 renal cell carcinoma patients treated with CAR T cells recognizing
carboxy-anhydrase-IX (CAIX) [163]. Targeting of the liver was thought to be due
to low-level CAIX expression in bile duct epithelial cells. Pretreatment of a second
group of patients with anti-CAIX antibody prevented liver toxicity, suggesting the
liver damage was an “on-target” “off-tumor” effect.

The success of CAR-modified T-cell therapy has so far mainly been limited to
hematological malignancies, while its efficacy in solid tumors remains unclear. Pre-
clinical testing of potential targets for melanoma is currently underway [164, 165].

3.2.3 Enhancing T-Cell Function
Anti-tumor potential is not only defined by the ability of the T cell to recognize and
kill tumor targets but also by its ability to persist, traffic to tumor tissues, and
perform its function in an environment that is highly immunosuppressive. T cells
can also be genetically modified to enhance those characteristics.

IL-2 is an essential growth factor for T cells. Systemic or subcutaneous
administration of IL-2 post-T-cell infusion has been found to promote persistence of
the transferred cells [102]. Avenues have been explored to alleviate the need for
IL-2 supplementation since it is associated with significant toxicity. The insertion of
the IL-2 gene in T cells increased their survival to IL-2 withdrawal in vitro but
failed to alter the fate or function of the T cells in vivo post-adoptive transfer [166].
Modification of the T cells to express IL-12 has been found to sustain effector
function and eliminate the need for lymphodepleting preconditioning or further
cytokine support in a mouse model of melanoma [167, 168]. A dose escalation
clinical trial in metastatic melanoma patients testing the infusion of TIL modified to
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express IL-12 only upon TCR triggering reported a 63 % clinical response rate
(10/16 patients) at the highest cell dose tested (0.1–3.0 × 109 gene-modified cells)
[169]. Unfortunately, responses were short-lived probably due to the acknowledged
lack of persistence of the engineered T cells, disappearing within one month of the
infusion. IL-12-mediated toxicities prevented the infusion of higher cell doses and
may have contributed to the rapid disappearance of T cells as well. Thus far, genetic
engineering of TIL has not increased the efficacy of TIL therapy; however, only a
few genes have been tested. A host of other genes are now being targeted in clinical
and preclinical settings and offer hope to increase the efficacy of TIL therapy.

In mouse models of melanoma and EBV-positive lymphoma, T cells made
resistant to the inhibition of transforming growth factor beta (TGFb) through the
expression of a dominant negative form of the TGFb receptor 2 (DNRII) mediated
better tumor regressions [170, 171]. Our group is currently testing this approach in
humans, with the insertion of TGFb DNRII in TIL for the treatment of melanoma
(NCT01955460). Another focus of our research is to enhance T-cell migration to
tumor sites. Although melanoma tumors express the chemokine CXCL-1, very few
T cells or TIL express its ligand, CXCR2 [172, 173]. We have found that intro-
ducing CXCR2 into TIL favors their localization at the tumor sites post-infusion in
a mouse model [174]. A clinical study is now enrolling patients to test this
hypothesis (NCT01740557).

Additionally, preclinical data have shown that the overexpression of micro-
RNA155 (miR-155) in CD8+ T cells augments the responsiveness to cytokines
sharing the γc subunit of the IL-2 receptor such as IL-7, IL-15, and IL-21. Fur-
thermore, the use of anti-tumor CD8+ T cells overexpressing miR-155 has demon-
strated enhanced T-cell persistence and effector function without the need for host
lymphodepletion or exogenous cytokine supplementation post-cell infusion in mice
[175]. The expression of mir155 in TIL may favor their persistence post-infusion and
alleviate the need for toxic host conditioning and high-dose IL-2 regimen.

As discussed further below, combinations of multiple therapies will likely ulti-
mately benefit cancer patients the most. The challenge will be to determine which
therapies should be combined to potentiate clinical responses in each individual
patient’s case. In preclinical models, it has been shown that responses to adoptive
T-cell therapy are greatly enhanced by combination with checkpoint blockade or
targeted therapy, particularly anti-PD-1 and BRAF inhibitor [176, 177]. These likely
represent the first of many combination therapies to be developed in the coming years.

4 Novel Strategies in Targeted and Immunotherapies

4.1 Limitations of Current Targeted Therapy
and Immunotherapy Regimens

With the advances in understanding key oncogenic driver mutations in melanoma,
the development of drugs that can target these mutations has been one of the most
significant recent therapeutic developments. Mutations in the BRAF gene occur in
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*50 % of melanoma patients [178] and numerous therapeutics have been devel-
oped to target this constitutively active protein [179]. Agents targeting
BRAF-mutant melanoma have demonstrated a significant increase in
progression-free (PFS) and OS [180–183]. However, the therapeutic response to the
blockade of constitutively activated mutant BRAF is transient, with most patients
progressing on treatment*6 months after initiation [181, 182, 184]. This has led to
therapeutic strategies combining BRAF inhibitors with other modalities. One
example of this is the addition of a MEK inhibitor which targets a second node
within the same MAP kinase pathway and has extended the median time of disease
progression to 10 months [185]. Additionally, combining oncogene-targeted agents
with the use of immunotherapy has been another area of tremendous promise.
Monoclonal antibodies targeting the immunomodulatory molecules CTLA-4 and
PD-1 were approved by the FDA in 2011 and 2014, respectively. Ipilimumab
(α-CTLA-4) showed clinical benefit with an overall response rate (ORR) in 10.9 %
of patients, and 60 % of these patients benefitted from durable responses lasting
greater than 2 years [186–188]. More recently, Topalian et al. reported results of a
phase I trial of 296 patients with either advanced melanoma or other solid tumors
including non-small-cell lung cancer, prostate cancer, renal cell carcinoma, and
colorectal cancer, in which the checkpoint blocking antibody α-PD-1
(BMS-936558, nivolumab) achieved a 28 % response rate in melanoma patients,
with durable responses lasting greater than one year in half of responding patients
[183]. Furthermore, α-PD-1 therapy was associated with a lower rate of grade 3 or 4
adverse events compared with ipilimumab.

4.2 Rationale for Combining Immunotherapy and Targeted
Therapy

Single-agent treatments employing either oncogene-targeted therapies or
immunotherapies have drawbacks, namely lack of a durable responses and low
response rate, respectively. There is mounting preclinical and clinical evidence
suggesting the potential of combining immunotherapy and targeted therapy. The
potential role of oncogenic BRAF in immune escape was initially reported by
Sumimoto and colleagues [189], and blocking BRAF signaling through MAPK
pathway inhibition in vitro led to an increase in melanocyte differentiation antigens
(MDAs) up to 100-fold [190]. This increased MDA expression led to an increase in
reactivity to antigen-specific T lymphocytes, an effect further substantiated through
studies in patients with metastatic melanoma treated with BRAF inhibitors. Results
show a similar increase in MDAs as well as a significant increase in intratumoral
CD8+ T cells and clonality 10–14 days after initiation of BRAF inhibition
[191–193]. These findings were also associated with a decrease in IL-6 and IL-8,
tumor-associated fibroblast-secreted IL-1α, and stromal VEGF [177, 192, 194].
Equally important is the increase in the immunomodulatory molecules PD-1 and
PD-L1 10–14 days following initiation of BRAF inhibition, suggesting a potential
immune-based mechanism of resistance. PD-L1 expression has also been suggested
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as a mechanism of resistance to BRAF inhibitors as BRAF-resistant cell lines
express higher PD-L1 and the addition of MEK inhibitors has a suppressive effect on
PD-L1 expression [195]. The increase in PD-L1 expression following BRAF inhi-
bition may be due to infiltrating T-cell IFN-γ secretion [196]. These data suggest that
addition of immunotherapy and specifically immune checkpoint blockade may
enhance the anti-tumoral response when combined with a BRAF inhibitor.

Several preclinical studies have also explored the potential of combining BRAF
inhibition with immunotherapy, with all [11, 177, 197, 198] but one [199] sug-
gesting an added benefit. These studies suggest that combinations of immune
checkpoint blockade, adoptive cell transfer, and other immunotherapies improve
clinical benefit after addition to BRAF inhibitors. These preclinical models may
facilitate decision making in the sequencing and timing of clinical trials; however,
they are limited by the number of immune competent preclinical melanoma models,
and further development of these is clearly needed.

Based on preclinical research, translating these ideas into the patient-care setting
has been a high priority. An initial phase I study tested the combination of the
BRAF inhibitor vemurafenib with the CTLA-4-targeting drug ipilimumab and was
terminated early due to hepatotoxicity [200]. This phase I study had a first cohort of
six patients who received a full dose of vemurafenib at 960 mg orally twice daily
for one month as a single agent prior to administration of ipilimumab at the
FDA-approved dose of 3 mg/kg intravenously. DLTs of grade 3 transaminase
elevations were noted in four patients within 2–5 weeks after the first dose of
ipilimumab [200]. A second cohort of patients was then started on lower dose
vemurafenib (720 mg by mouth twice daily) with full dose ipilimumab; however,
hepatotoxicity was again observed with grade 3 transaminase elevations in two
patients and grade 2 elevation in a single patient [200]. Of note, all hepatic adverse
events were asymptomatic and reversible either with temporary discontinuation of
both study drugs or with administration of glucocorticoids [200].

Exploring this strategy has been continued as an ongoing targeted and
immunotherapy trial utilizes the BRAF inhibitor dabrafenib with or without the
MEK inhibitor trametinib, combined with ipilimumab in patients with BRAF
V600E/K-mutated metastatic melanoma (NCT01767454). At the American Society
of Clinical Oncology (ASCO) meeting in June 2014, 12 patients had been enrolled
on the doublet of ipilimumab with dabrafenib and 7 patients were enrolled on triplet
therapy. There were no DLTs in the doublet arm of dabrafenib 150 mg by mouth
twice daily and ipilimumab 3 mg/kg; thus, a dose expansion of 30 additional patients
is ongoing. While hepatotoxicity was observed in the doublet arm, there were no
grade 3 or 4 toxicities noted which is likely explained by the lower propensity of
hepatotoxicity seen with dabrafenib compared to vemurafenib [201]. In the triplet
cohort, there were two cases of colitis associated with colon perforation in the first 7
treated patients. Both of these patients required extensive courses of steroids, and
one patient did require surgery for management of the colon perforation. These
toxicities were seen despite the use of low-dose dabrafenib 100 mg twice daily and
trametinib 1 mg daily [201], and accrual of patients in this cohort was suspended due
to toxicity. Data of the estimated duration of benefit from doublet therapy are
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immature and not yet reported. Numerous other clinical trials combining targeted
therapy with immunotherapies such as α-PD-L1 (NCT02027961, NCT01656642),
IL-2 or IFN-α (NCT01754376, NCT01683188, NCT01603212, NCT01959633,
NCT01943422), or T cells (NCT00338377, NCT01585415, NCT01659151) are
underway and currently accruing patients.

The sequence and timing of combination therapy is an important consideration,
as there is some evidence that the immune response to BRAF inhibitors is early and
transient. This suggests that there is a short window of opportunity to add
immunotherapies, while T cells are primed early on in the course of BRAF inhi-
bition. This combination of therapy must be delicately balanced with toxicity as
demonstrated by previous clinical trials though whether this toxicity is specific to
vemurafenib and ipilimumab is uncertain at this point.

Additionally, it is uncertain whether adding immunotherapies to a backbone of
combined BRAF/MEK inhibitors will be as effective, as the MAPK pathway is critical
for T-cell activation. The effect of MEK inhibitor monotherapy on tumor-infiltrating T
cells in patients has also not been well evaluated and is a critical point as MEK
inhibitors may be more widely applicable in combinations of targeted therapy and
immunotherapy for NRAS-mutant melanoma and for other cancer types. Studies have
been performed in peripheral blood lymphocytes of melanoma patients on MEK
inhibitors and show a modest decrease in T-cell function at therapeutic doses [202].
Additionally, MEK-mediated phosphorylation of ERK has been demonstrated to
decrease progressively across stages of T-cell memory differentiation suggesting a
larger effect of MEK inhibitors on naïve T cells than effector memory or late effector
memory cells [203]. Recently, it was also suggested that treating with a combination
of BRAF inhibitors with MEK inhibitors may offset the deleterious in vitro effects of
MEK alone [204]. However, in vivo murine studies suggest that “timing is every-
thing” and that MEK inhibitors may demonstrate synergy with immune checkpoint
blockade in the treatment of RAS-mutant cancer if both are given concurrently or if
MEK inhibitors were given as a lead into anti-PD1. Conversely, all mice treated with
PD1 lead into MEK inhibition showed anti-tumor effect but minimal long-term sur-
vival benefit [204]. Preclinical and clinical studies investigating both timing and
sequence of targeted therapy and immunotherapy are necessary to optimize clinical
effectiveness of these new combinations and are currently underway.

Currently, there are many new targeted and immunotherapies on the forefront of
development for the treatment of melanoma. Many of these potential therapies
continue to target the MAPK pathway as the majority of melanomas harbor acti-
vating mutations in BRAF or NRAS. An unexpected side effect of first-generation
BRAF inhibitors includes the paradoxical activation of the RAS pathway leading to
the potential for RAS-induced cancers. A next-generation “paradox-breaker”
selective RAF inhibitor has now been developed and demonstrates inhibition of
RAF-signaling in BRAF-mutant cell lines without paradoxical effects in wild-type
cells as well as further blockade of the RAF pathway in BRAF-mutant cells with
acquired resistance [205]. Targeting additional nodes in the MAPK pathway have
also gained traction as strategies of delaying resistance to BRAF-targeted therapy.
Recently, the antitumor activity of ERK inhibitors was demonstrated in

Novel Treatments in Development for Melanoma 395



BRAF-mutant, NRAS-mutant, and wild-type melanomas, while synergistic effects
were demonstrated when combined with vemurafenib in BRAF-mutant melanomas
in vitro [206]. The use of ERK inhibitors in monotherapy is now being explored,
and the addition of ERK inhibitors has been suggested by many groups in over-
coming resistance to BRAF inhibitors [207]. NF1 mutations in melanoma, which
are present in 25 % of BRAF and NRAS WT melanomas [178], have recently also
been shown to be important in melanomagenesis and acquired resistance to BRAF
inhibitors. In recent studies, NF1 could be successfully targeted in mouse models
with a combination of MEK and PI3K/mTOR inhibitors [208] or a combination of
irreversible RAF inhibition and MEK inhibition [209].

In addition to further targeting of the MAPK pathway, many studies have shown
an active role of the PI3K-AKT pathway as loss of PTEN in melanoma represents a
high prevalence de novo and plays a role in resistance to MAPK pathway inhibitors
[210]. Early in vitro and in vivo studies of isoform-specific or pan-PI3K, mTOR,
and AKT inhibitors have been tested and shown anti-tumor effects in vitro and
in vivo [211–213]. Additionally, PI3K isoform-specific inhibitors are being utilized
to achieve significant pathway inhibition as melanoma cells with PTEN loss were
demonstrated to be more dependent on the PI3K catalytic subunit p110β than the
p110α subunit [214, 215]. Clinical testing of two different p110β-selective inhibi-
tors (GSK2636771, SAR260301) is now underway.

The cell-cycle pathway, specifically the p-16-cyclin D-CDK4/6-retinoblastoma
protein pathway (CDK4 pathway), is another pathway having been targeted as
melanoma has a high frequency of genomic alterations in this pathway [178, 216],
and these incidents may transform melanocytes [217]. Recently, selective CDK4
inhibitors entered clinical trials including palbociclib which is the most extensively
evaluated compound in patients. Additionally, numerous CDK4/6 inhibitors are in
clinical development and have shown selectivity for CDK4 in preclinical studies
and include LEE011, LY2835219, and P276-00 [218–222]. Recent studies have
demonstrated that the combination of these inhibitors with BRAF inhibitors may
overcome resistance [223, 224].

Other potential targeted therapies include histone deacetylase (HDAC) inhibitors
which have been shown to synergistically act with BRAF inhibitors [225, 226] and
may delay resistance to therapy [227]. HSP90 inhibitors are also a potential future
therapy and have shown added benefit when studied with BRAF inhibition
monotherapy or BRAF and MEK inhibition both in vitro and in vivo [228, 229] as
they allow proteasomal degradation of the destabilized BRAF protein. Additionally,
HSP90 inhibitors have also shown efficacy in non-BRAF melanoma mouse models,
having demonstrated anti-tumor activity in an NRAS mouse model through the
inhibition of Wee1, AKT, and CDK4 [230].

In addition to the development of new targeted therapies, the recent success of
anti-PD-1 and anti-PD-L1 promotes the potential for future drugs targeting
immunomodulatory molecules. These molecules range from additional immune
checkpoint molecules such as TIM-3 and LAG-3 to activation targets such as
OX-40 and CD28. These molecules and others [231] are all being extensively
investigated as monotherapies and in combination with other targeted therapies.
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All of these potential targeted and immunotherapies show great promise;
however, for maximal response, it is becoming more apparent that maximal clinical
efficacy may occur through optimizing different combinations of therapies which
may include any number of targeted radiation and immunotherapies. This opti-
mization will require a deeper understanding of both the genomic and immunologic
properties of melanomas.

5 Future Directions

The successes of immunotherapy and targeted therapy approaches have vastly
changed the landscape of melanoma clinical management in the last 5 years. New
therapies with impressive clinical response rates that significantly prolong the life of
patients are now available, providing proof of principle that these approaches are
well worth pursuing. Consequently, these new FDA approvals have opened up
entirely new classes of drugs that are being actively explored for other cancers.

Counteracting normal T-cell checkpoint mechanisms turned out to be a winning
strategy, with the approval of two biologics in this new class of drug: anti-CTLA-4
and anti-PD-1 antibodies. This has spurred interest in the development and clinical
testing of antibodies to either activate or block any and all known negative or
positive T-cell costimulatory molecules, with many new agents entering phase I
trials soon. In parallel, the remarkably high clinical effectiveness of a small molecule
specifically targeting mutated BRAF molecule sent waves of hope to metastatic
melanoma patients that were otherwise facing a very grim prognosis. The short
response period for most patients followed by sometimes dramatic recurrences has
now prompted an enormous emphasis on research to find mechanisms of resistance.

Overall, the sands are rapidly shifting in terms of clinical management of mel-
anoma. The availability of drugs that can induce potent clinical responses in a large
fraction of the patient population allows for an adequate study of resistance to
therapy. With the historically low and transient response rates afforded by
chemotherapy and radiotherapy or the very low numbers of long-term responders to
IL-2, this was not previously possible. The increased availability of biological
material from a significant number of responding and non-responding patients
combined with powerful technological analyses will hopefully reveal the charac-
teristics of the tumor or the host immune system most conducive to response to
therapy. Therefore, understanding response and resistance to therapy with the use of
longitudinal tissue and blood sampling (Fig. 2) to help better guide clinical deci-
sions is an important focus of interest for the future. This strategy is highly aligned
with the idea of personalized medicine. Large-scale tumor and immune cell char-
acterization are under way through various national or local efforts. A good
example is the TCGA, which aims to define the genomic and molecular features of
a large number of tumor samples and has accumulated samples from 11,000
patients from 33 cancers types and completed the WES of over 1000 tumor samples
as of 2014 (http://cancergenome.nih.gov/). Understanding the mutational landscape
of an individual’s tumor will eventually allow for tailoring of treatment modalities
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to target pathways affected by genetic alterations mapped to the individual.
Response of a patient’s tumor to the chosen drug can also now be directly inter-
rogated in mice. Indeed, patient-derived xenografts (PDX) can often be successfully
established in a mouse, which allows the in vivo screening of drugs on a patient’s
growing tumor. Although PDXs cannot be made for every patient, the development
of a characterized set of patient-derived tumor lines and their use for in vitro
high-throughput screening of compounds as well as xenografts in vivo confirmatory
studies may help elucidate general sensitivity of specific genetic alterations to given
drug candidates. The derivation of tumor lines from patients who do not respond or
are rendered resistant to the therapy will represent a unique opportunity to elucidate
mechanisms of resistance. This translational research can only be performed
through close proximity between the laboratory and the clinic and is essential to
uncover markers of susceptibility to available active drugs. Currently in the clinic,
great strides have been made to personalize treatments through the guidance of
molecular and immune profiling, and there is a strong drive to pursue this per-
sonalization of treatment throughout the course of therapy (Fig. 2).
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Fig. 2 Integrating longitudinal tissue and blood sampling into clinical practice. Depiction of the
past and current approaches to melanoma patient clinical management (top and middle panel,
respectively). The current approach integrates multiple molecular, immunologic, and functional
assessments to pinpoint biomarkers of response or resistance to therapy that will be used to stratify
patients and guide therapy in the future and hopefully improve response to therapy (bottom panel)
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Recent successes of cancer immunotherapy have convincingly demonstrated the
importance of immune surveillance in durable tumor control. Any new drug being
developed now needs to be assessed for its impact on the immune system and the
potential synergy with immunotherapy approaches. Although cancer immunother-
apy has developed slowly, with many difficulties in priming productive anti-tumoral
responses through vaccination, we now have a better grasp on how to ensure a
productive and prolonged immune response through “releasing the brakes” on
endogenous T cells or transferring the right subset of long-lived effector T cells.
Between the new effective immunotherapy modalities approved or in development
and the increasing list of effective targeted agents available, the possibilities for
combination therapy are rapidly becoming vast.

Biomarkers of response are still needed to better stratify patients and provide
guidance about how to sequence the available treatment modalities to realize the
best clinical benefit for every patient while ensuring optimal safety. The discovery
and validation of reliable biomarkers will require the involvement of leaders with a
wide variety of expertise (cancer biologists, immunologists, molecular biologists,
bioinformatics specialists, chemists) and will include many of the next-generation
technologies listed in Table 1. Major collaborative efforts between researchers and
clinical investigators will also be required to ensure the success of this endeavor.
Encouragingly, many of these large-scale collaborations are already underway,
making the future of melanoma patient clinical care look very bright indeed.
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