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Synopsis
Recent advances in genomic profiling and sequencing of melanoma have provided new insights
into the development of the basis for molecular biology to more accurately subgroup melanoma
patients. The development of novel mutation-targeted and immunomodulation therapy as a major
component of precision oncology, have revolutionized the management and outcome of patients
with metastatic melanoma. Positron Emission Tomography (PET) imaging plays an important role
in noninvasively assessing the tumor biologic behavior, complementary to traditional tissue
biomarkers, with the goal of guiding individualized treatment, and assessing response to therapy.
This review summarizes the recent genomic discoveries in melanoma in the era of targeted
therapy, and their implications for functional PET imaging
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Introduction

Molecular

Melanoma of the skin represents the sixth most common cancer in the United States, and its
incidence has continued to rise over the past few decades 1. Although many patients with
early-stage melanoma have favorable outcome following complete surgical resection,
treatment continue to be challenged for patients with advanced metastatic disease 2.
Furthermore, accurate restaging and follow up therapy assessment becomes crucial for the
appropriate management of patients with melanoma, since about 50 to 80% of melanoma
patients with loco-regional disease and nearly all patients with distant metastases will
experience tumor recurrence after treatment 3.

Recent interest in understanding the biology and pathogenesis of melanoma has led to the
discovery of vital signaling pathways and the development of mutation-driven therapy,
immunotherapy and targeted therapies, which have revolutionized the clinical history of this
disease by dramatically improved the outcomes of patients with metastatic disease.
Immunotherapy is mostly based on immune checkpoint inhibitors targeting CTLA4, and
more recently PD1/PDL1 interaction 4. Targeted therapies with MAPK pathway kinase
inhibitors (KIs) have also been developed due to the discovery that BRAF and NRAS
mutations, which are among the major oncogenic drivers of melanoma proliferation and
survival 5. As new therapies become available, there is a need to identify biomarkers to
guide patient selection, and monitor treatment response. The use of molecular imaging using
Positron Emission Tomography (PET) offers unique insights in the field of oncology,
helping early tumor detection, characterization, real time monitoring of treatment response,
and identification of tumor recurrence. This review summarizes the recent genomic and
therapeutic discoveries in melanoma and their implications for imaging.

genetics and immunomodulation in melanoma

The concept of targeting genomic alterations has experienced significant success in
oncology, especially in patients with melanoma. Oncogenic targets are genes that are
mutated and/or expressed in tumor tissue, contributing to tumor growth and dissemination,
and have the potential to be pharmacologically targetable . Investigators at The Cancer
Genome Atlas (TCGA) 7 Research Network identified molecular subtypes of melanoma that
could potentially guide clinicians to identify the more aggressive tumors, and the ones more
likely to respond to certain therapies. More than 90% of melanoma tumors harbor activating
mutations in oncogenes within the mitogen-activated protein kinase (MAPK) pathway,
which plays a major role in coordinating the balance between melanocyte differentiation and
proliferation 8. Approximately 50% of patients with melanoma are displaying mutations in
the harbor v-raf murine sarcoma viral oncogene homolog B1 (BRAF) V600 mutations 4,
about 20% in the NARS and up to 14% in the NF1 gene, and 3-5% harbor an activating KIT
mutation 2 10, These findings have led to the development of BRAF and MEK inhibitors
whose applications in the clinic has shown unprecedented survival responses. BRAF
blockade therapy with the FDA- approved vemurafenib or dabrafenib, and also in
combination of MEK inhibitor, trametinib, have successfully lead to an improved
progression free survival (PFS) and overall survival (OS) in patients with the typical BRAF
V600-mutant, compared with conventional chemotherapy 11-13, However, even when treated
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with the combination, most patients develop mechanisms of drug resistance, without
achieving a complete tumor regression. Furthermore, the remaining subset of 50-60% of
patients with advanced melanoma without a BRAF-V600 mutation, also called BRAF wild-
type (BRAF WT), do not benefit from treatment with BRAF inhibitors.

Along with the development of BRAF and MEK inhibitors, immunotherapy have made an
important step forward, and specifically the immune checkpoint inhibitors.
Immunomodulatory strategies use monoclonal antibodies to target key regulators of T-
lymphocyte activation and thereby inhibit immunotolerance toward tumor cells 14,
Ipilimumab, a fully human monoclonal antibody that targets cytotoxic T-lymphocyte antigen
4 (anti-CTLA-4), was approved by the FDA in 2011 for first and second line treatment of
patients with unresectable or advanced melanoma 15, resulting in significant OS benefit 16
[Figures 1-3]. The successes of ipilimumab were quickly followed by trials targeting the
immune inhibitor interaction between programmed cell death protein 1 (PD-1), found on T-
cells, and its ligand, (PD-L1), found on tumor cells [Figure 4]; pembrolizumab and
nivolumab were the first anti-PD-1 pathway family of check point inhibitors to gain
accelerated approval from FDA for the treatment of ipilimumab-refractory melanoma
[Figure 5], which demonstrated objective anti-tumor response rates in up to 45% of
treatment-naive patients with advanced melanoma, with durable long-term survival 17 18,
Furthermore, combined checkpoint blockade with nivolumab plus ipilimumab has
demonstrated even greater objective response rates and survival than anti-PD-1 and anti—
CTLA-4 monotherapy alone strategies, albeit with significantly more adverse events 19-21,

All these novel treatment strategies showed promising results for patients with advanced
metastatic melanoma, however they also hold significant challenges since there is no a
robust biomarker to identify what subpopulation of patients with melanoma will most likely
benefit from a type treatment or another; without a predictive biomarker, a considerable
number of patients may receive treatment without benefit. Besides, monitoring the effects of
these treatments may be also a challenge because when the immune system is stimulated,
immune cells infiltrate the tumor that lead to the cytotoxic effects of the therapy, and these
immune infiltrates may cause imaging misinterpretations in the response assessment. The
following sections outline the current ways in which PET imaging can be used as a
biomarker in melanoma patients undergoing immune or targeted therapies, and how to adapt
the imaging interpretation to respond to the unique challenges of immunotherapy.

PET Imaging in Assessing Response to Therapy in the Era of Personalized
Treatment

As the treatment of cancer evolves to include new agents, attention has been given to how a
specific treatment might impact imaging findings. Fluorine-18 fluorodeoxyglucose (18F-
FDG) Positron PET/computed tomography (CT) is a powerful imaging tool widely used to
evaluate treatment response in multiple malignancies, including melanoma. In the setting of
assessing response to mutation-drive therapy, BRAF kinase mutation has been shown to
affect multiple signaling pathway, which up-regulate glycolysis and glucose transport,
facilitating tumor growth 22 23 Thus, the resultant change in glucose metabolism from
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targeting mutated BRAF kinase agents could theoretically be visualized using FDG PET/CT.
In this context, in a phase | study, including 27 patients with stage IV BRAFv600 mutation,
McArthur et al. 24 were able to show homogeneously, dose-dependent decreased 18F-FDG
uptake in metastases 15 days after starting treatment with vemurafenib, confirming the
utility of FDG PET imaging in documenting treatment response early on in the course of
therapy. The investigators demonstrated that a median reduction in SUVmax of 82% resulted
in significantly different median times of progression-free survival (PFS); however, no
definitive relationship was found between reduction in target lesion SUVmax and best
response according to RECIST (Response Evaluation Criteria in Solid Tumors) 24, Similarly,
Carlino et al. 2 reported that FDG PET/CT registered responses in all 26 patients with
BRAF-mutated metastatic melanoma treated with dabrafenib and that 26% of cases
exhibited homogeneous PET responses, while 74% showed heterogeneous PET responses;
defining a homogeneous response as >90% of lesions responded with no progressive
metabolic lesions, and up to 10% stable lesions allowed, whereas a heterogeneous response
was defined when lesions responded alongside with progressing or new lesions 2°. Although
these early data are promising, additional studies are required to characterize the PET
response characteristics of the mutation-drive melanoma therapies.

To assess if a patient is responding to treatment, the response evaluation criteria in solid
tumour (RECIST) guideline is currently widely used to evaluate antitumor activity of
traditional cytotoxic agents. It helps clinicians to objectively determine whether the tumors
have progressed (> 20% increase in target lesion size), have responded (> 30% decrease in
target tumor size) or remained stable (based on a set of radiological measurement criteria).
However, in the setting of assessing response to immunomodulation, antitumor responses to
immunotherapies are unique in that lesions may progressed before a documented

response 26, response can be seen in spite of the presence of new lesions and lesions may
remain stable or slowly regress over time, which may take longer than cytotoxic therapies.
Immune modulation therapy response can also be confounded by the presence of
inflammatory cells, which can mimic FDG-avid tumor 27, further complicating assessments
of therapy response. Another consideration to have in mind when performing FDG PET/CT
imaging following immunotherapy is that it potentiates T lymphocytes, producing a high
rate (up to 70%) of adverse immune- related adverse reactions, including colitis, dermatitis,
hypophysitis, arthritis, and thyroiditis, which can also lead to false findings on FDG PET
imaging 28-35. These effects raise concerns about the use of existing response interpretation
criteria including WHO, RECIST or PERCIST criteria 26, and there is a necessity for
defining new standards response criteria to assess response to these novel immunotherapies.
In a series of workshop in 2004 and 2005, the immune related response criteria (irRC) was
introduced. The novelty of the IrRC is the incorporation of measurable new lesions into a
new concept of “total tumor burden” and comparison of this variable with baseline
measurements 26, Using IrRC criteria, Kong and collaborators 3¢ recently aimed to described
the patterns of residual metabolic activity in patients following prolonged treatment with
anti-CTLA-4 or anti-PD-1 antibodies in 27 patients with unresectable stage 111C or IV
melanoma. The data suggested that patients with residual metastases may have metabolically
inactive lesions on FDG PET imaging, whereas isolated metabolically active lesions in
clinically well patients may reveal immune cell infiltrates rather than melanoma 3.
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Moreover, Sachpekidis et al. 37 showed that FDG PET/CT imaging may have a role in the
early detection of ipilimumab immune-related response in 22 patients with unresectable
metastatic melanoma; FDG PET/CT after two cycles of ipilimumab was highly predictive of
the final treatment outcome in patients with progression and stable metabolic disease 37.
Further prospective studies and long-term follow-up are in need to clarify whether or not
FDG-PET may be useful as a biomarker of duration of treatment response, early response
assessment, and to what extent immune activation can lead to false-positive results.

PET as a predictive biomarker of prognosis in the new generation therapies

MAP-Kinase inhibitors and immunologic checkpoint blockade antibodies have achieved
improved OS in patients with metastatic melanoma 38. There is also evidence that FDG
PET/CT findings can be used to prognosticate clinical outcomes after the new generation
mutation- driven therapy and immunomodulation therapy. In the above mentioned phase |
study, including 27 patients with BRAF V600-mutated metastatic melanoma treated with
vemurafenid, McArthur et al 24 reported that, although PET response was unrelated to OS,
subjects who experienced a reduction in the SUVmax of less than 82% had a mean PFS of
183 days, which was substantially shorter than the 484 days of PFS for those with a greater
than 82% reduction in SUVmax. Similarly, Carlino et al. 25 in a phase | study using
dabrafenib therapy in BRAF V600- mutated metastatic melanomas, found that patients with
heterogeneous FDG PET responses had a significantly shorter PFS than homogeneous FDG
PET responders (mean, 3.0 vs 7.4 months, respectively). In the context of combined BRAF
and MEK inhibitors therapy, Schmitt et al 39 investigated the association between survival
and early changes on FDG PET/CT imaging in 22 patients with BRAF-mutant melanoma.
Investigators found that for the least metabolically active tumor, change in SUVmax was
associated with PFS, but not OS; for the least metabolically active tumor, no association was
seen between changes in SUVmax and PFS or 0S39.

In the setting of immunomodulation therapy agents, there is no published data assessing the
prognostic benefits of using FDG PET, other than case reports illustrating radiologic features
of the immune-related adverse reactions, highlighting the challenges of monitoring
immunomodulation therapy with FDG PET. Thus, Bronstein et al. 33 reviewed case reports
of 119 stage 1V melanoma patients treated with anti-CTLA-4, concluding that there was a
significant association between the incidence of radiologic manifestations of immune-related
adverse events and clinical responses to anti-CTLA-4 therapy; interestingly, 25% of patients
with radiologic manifestation due to immune-related adverse events experienced complete
response compared with 3% of patients who did not exhibit radiologic evidence of immune-
related adverse events 33,

FDG PET/CT has also been recently proposed as a potential marker to aid predicting the
patient’s prognosis in different tumors, by using the various PET metabolic parameters such
as the maximum standardized uptake value (SUVmax), metabolic tumor volume (MTV) and
total lesion glycolysis (TLG). SUVmax is a semi quantitative measure of tumor FDG uptake,
whereas MTV refers to volumetric measurement of tumor cells with high glycolytic activity,
and TLG is the sum of SUVs within the tumor, calculated as MTVxSUVmean. In the setting
of melanoma, Kang et al. % reported that the SUVmax from FDG PET/CT can provide
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important information for predicting recurrence. Using PET volumetric parameters, Son et
al. %1 retrospectively conducted a review study including 41 patients with a histological
diagnosis of cutaneous melanoma, who underwent pretreatment FDG PET/CT scans;
SUVmax and TLG were found to be significantly higher in patients with recurrence than in
patients without, and SUVmax and TLG were also found to be significantly higher in non-
survivors than in survivors. Investigators concluded that pretreatment MTV and TLG may be
useful in stratifying the likelihood of recurrence and melanoma-specific death, and that TLG
was found to be the best predictive marker #1. Further additional studies are necessary for
assessing whether pre or post-treatment FDG PET parameters can predict
immunomodulation treatment success.

Summary/Discussion

The molecular classification of cancer through next generation sequencing has transformed
drug development towards the molecularly guided era of precision oncology. With the
advances and successes of the mutation-driven, and immunomodulation therapy, the ultimate
goal is to tailor treatment for specific melanoma subtypes and patients. Treatment response
criteria should be chosen based on the subtype of tumor and treatment delivered to the
patient and should evolve in parallel with the advances in novel targeted agent. As a result, it
is crucial that radiologists are aware that the major advancements in cancer immunotherapy
is challenging the current imaging approach in evaluating treatment response and early
recognizing immune-related adverse events for a successful patient management. Further
prospective studies and long-term follow-up are needed to determine the role of FDG
PET/CT imaging as a potential prognostic biomarker to identify patients suitable for targeted
therapy, predict early response assessment, duration of treatment response, monitor
secondary resistances, and eventually predicting patient outcome.
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Key Points

Understanding the molecular and genetic alterations in the pathogenesis of
melanoma will elucidate the mechanisms involved in tumor growth, and aid
for the development of potential targeted drugs.

Future research directions will involve incorporation of molecular
characteristics and next generation probes into new strategies to improve
early tumor detection.

Novel targeted therapies modulating immune inhibitory pathways have
revolutionized the field of melanoma, bringing a new exciting approach in the
response assessment of melanoma.

In the context of new targeted therapy, next steps involve strategies for using
PET imaging as prognostic biomarker to identify patients who could benefit
of targeted therapy, predict early identification of responders/non-responders,
monitor secondary resistances, ultimately leading to improve clinical
management, individualizing therapy decision and eventually predicting
patient outcome.
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Figure 1. Complete metabolic tumor response after combined radiation and Ipilimumab
treatment in a patient with locally advanced metastatic melanoma

72-year-old woman diagnosed with locally advanced metastatic malignant melanoma, who
underwent combined therapy with radiation plus an immune checkpoint inhibitor,
ipilimumab. Baseline fused coronal PET/CT (Al), CT (A2) and MIP (A3) images
demonstrate a large intense FDG-avid right neck mass. After radiotherapy and 4 cycles of
ipilimumab, the fused coronal PET/CT (B1), CT (B2) and MIP PET (B3) images show

complete metabolic response.
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Figure 2. Complete metabolic tumor response after Ipilimumab treatment in a stage IV
metastatic melanoma patient

68-year-old woman diagnosed with stage IV melanoma. Baseline PET MIP image (Al) and
axial fused PET/CT images (A2, A3) demonstrate multiple FDG- avid mediastinal nodal
lesions (A2) and a metastatic pulmonary nodule in the right lung base (A3). After 4 cycles of
Ipilimumab, MIP PET image (B1) and axial fused PET/CT images (B2. B3) show complete
metabolic response.
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Figure 3. Complete metabolic tumor response after treatment with Ipilimumab
65-year-old man with stage IV metastatic melanoma. Baseline axial CT (Al), fused PET/CT

(B1) and MIP (A3) images demonstrate an intense FDG-avid left upper lobe pulmonary
metastatic lesion. After CyberKnife stereotactic radiotherapy, and concurrent treatment with
ipilimumab, the axial CT (B1), fused PET/CT (B2) and MIP (B3) images demonstrate
complete metabolic resolution of the lung nodule, with mild FDG-avid radiotherapy
inflammatory related lung changes.
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Figure 4. Immune Checkpoint Blockage
Schema of the immunotherapy exemplified by antibodies directed against CTLA-4

(ipilimumab, tremilimumab), which block the immunosupression mediated by the
interaction between CTLA-4 (located on the CD8+ and CD4+ T cells) and the B7 family
members (located on the antigen-presenting cells). The other second major checkpoint is
mediated by the interaction between PD-1 (located on T cells) and its ligand PD-L1 (located
on either antigen-presenting cells or on the tumor cells).
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Figure 5. Ipilimumab-refractory melanoma in a patient with stage 1V disease
72-year-old gentleman diagnosed with stage IV melanoma. Baseline PET MIP image (Al)

and axial fused PET/CT images (A2, A3) demonstrate multiple FDG-avid metastatic lesions.
After 4 cycles of Ipilimumab, MIP PET image (B1) show increase in size and FDG-avidity
of the prior lesions and development of new FDG-avid lesions (B2, B3) indicating
progression metabolic disease.
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