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Abstract: There is currently no consensus to determine which advanced melanoma patients will
benefit from targeted therapy, immunotherapy, or a combination of both, highlighting the critical
need to identify early-response biomarkers to advanced melanoma therapy. The goal of this review is
to provide scientific rationale to highlight the potential role of metabolic imaging to assess response to
targeted and/or immune therapy in melanoma cancer. For that purpose, a brief overview of current
melanoma treatments is provided. Then, current knowledge with respect to melanoma metabolism is
described with an emphasis on major crosstalks between melanoma cell metabolism and signaling
pathways involved in BRAF-targeted therapy as well as in immune checkpoint inhibition therapies.
Finally, preclinical and clinical studies using metabolic imaging and/or profiling to assess response to
melanoma treatment are summarized with a particular focus on PET (Positron Emission Tomography)
imaging and '*C-MRS (Magnetic Resonance Spectroscopy) methods.

Keywords: melanoma; metabolic imaging; response to treatment; BRAF-targeted therapy; immune
checkpoint inhibitors

1. Introduction

There are two main types of skin cancer: non-melanoma skin cancer (NMSC), which
includes squamous cell carcinoma (SCC) and basal cell carcinoma (BCC); and melanoma
skin cancer. NMSCs are all curable by surgery whereas melanoma is the deadliest form
of skin cancer with increased incidence rates [1,2]. If early detected melanomas are cur-
able by surgery, the metastatic forms are highly refractory to treatments, with a five-year
survival for only 25% of diagnosed patients which is due to major improvements these
last decades [3]. Since the 1970s and the approval of the alkylating agent dacarbazine, the
treatment of melanoma has indeed significantly evolved [4]. Overall response rates to
dacarbazine were 10-20%, and a complete remission was observed in less than 5% of pa-
tients [5]. The discovery of a BRAF mutation, consisting of the substitution of V600E valine
for glutamic acid at codon 600 that constitutively activates the MAPK (mitogen-activated
protein kinase) pathway in more than 60% of melanomas, led to the use of BRAF inhibitors
(BRAFi) targeting this mutation [6]. The first inhibitor approved by the FDA (Food and
Drug Administration) for advanced melanoma patients was vemurafenib followed by
dabrafenib and encorafenib [7,8]. Later on, combinations with MEK (mitogen-activated
protein kinase kinase) inhibitors were approved to counteract resistance to BRAF inhibi-
tion [9,10]. In addition, over the last decade, immunotherapy with immune checkpoint
inhibitors (ICI) constituted a second major breakthrough in the treatment of advanced
melanoma patients [11]. To date, there is a lack of robust biomarkers to predict response to
targeted or immunotherapy in melanoma.
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1.1. Targeted Therapies in Melanoma

Vemurafenib was identified as the first selective inhibitor of the BRAF oncogene. It is
an ATP-competitive inhibitor of BRAFV600E. It was approved by the FDA in 2011 [7] and
was selected in different studies because of its better pharmacokinetic properties compared to
other BRAF inhibitors [12]. Vemurafenib showed selectivity in BRAFV600E-mutant melanoma
cells [13], and it displayed potent anti-tumor activity in preclinical melanoma models [14].
In the phase I BRIM (NCT00405587) study, a dose of 960 mg twice daily was established
and well tolerated, the most frequent adverse events being skin rash, fatigue, nausea, and
photosensitivity [15]. In a clinical study comparing vemurafenib to dacarbazine, it was
shown that the median progression-free survival (PFS) was 5.3 months for the BRAF inhibitor
(vemurafenib) in comparison with 1.6 months for dacarbazine [16]. Besides vemurafenib, two
other BRAF inhibitors were approved for the treatment of advanced melanoma: dabrafenib,
approved as monotherapy in 2013, and encorafenib, approved in 2018 [17]. Both inhibitors are
ATP-competitive and selective. However, encorafenib has a much longer half-life (3.5 h) than
vemurafenib (0.5 h) and dabrafenib (2 h), which make its inhibitory effects last longer [18]. If
BRAF inhibitors were first approved for use as monotherapy, the combination of two molecules
was recommended, due to the presence of intrinsic and acquired resistance mechanisms [19].
Indeed, only a small fraction of patients show durable complete response to BRAF-targeted
therapy [20]. Several mechanisms of resistance were identified, including reactivation of
the MAPK pathway [21], activation of substitutive pathways (PI3K or phosphatidylinositol
3-kinases—mTOR or mammalian target of rapamycin), NRAS and MEK mutations [22,23],
BRAF splicing variants [24], COT (Cancer Osaka Thyroid Oncogene mitogen-activated protein
kinase kinase kinase 8 or MEP3KS) alterations, PTEN (Phosphatase and TENsin homolog
deleted on chromosome 10) loss, and NF1 (Neurofibromatosis type 1) inactivation [25].

In this context, MEK was identified as a target to counteract resistance to BRAF inhibi-
tion, and trametinib was the first FDA-approved MEK inhibitor followed by cobimetinib
and binimetinib [9,10]. MEK inhibitors are ATP non-competitive, highly selective, and
reversible allosteric inhibitors [26]. Trametinib had first shown benefit as monotherapy in
BRAF-mutant patients, leading to its FDA approval in 2013 [20]. In 2014, the combination
with dabrafenib received approval [27] since it had shown a higher overall response rate
(ORR) when compared to BRAFi as monotherapy (76% vs. 54%), with a progression-free
survival of 12 months [10]. In 2015, a second MEK inhibitor, cobimetinib, received ap-
proval in combination with vemurafenib [9]. Later, a third MEK inhibitor, binimetinib, has
been approved in combination with encorafenib [8], with a median overall survival (OS)
of 33.6 months and a PFS of 14.9 months in comparison with an OS of 23.5 months for
encorafenib alone [8,20]. The OS and PFS of BRAFi and MEKIi based on clinical trials are
illustrated in Table 1. If the combination of a BRAF inhibitor with a MEK inhibitor delayed
the resistance, it did not prevent resistance due to secondary mutations in MEK [28] or due
to alternative causes as listed above.

Table 1. PFS and OS of combined BRAF and MEK inhibitors.

.. . Progression-Free Survival Overall Survival
Clinical Trial (PFS) (OS)
IMSPIRE-150 [29] Median (months) 10.6 Not availabl
(vemurafenib + cobimetinib) 5-year PFS NA otav ¢
COMBI i [27] Median (months) 12 .
(dabrafenib + trametinib) 5-year PFS NA Not available
COLOMBUS [28] Median (months) PFS 14.9 Median (months) 33.6
(encorafenib + binimetinib) 5-year PFS 23% 5-year OS 35%

1.2. Immune Checkpoint Inhibitors in Melanoma

Immune checkpoint inhibition uses antibodies to inhibit the interaction between
receptors expressed at the surface of activated T cells and on cancer cells to unleash immune
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responses [30]. CTLA-4 is a transmembrane glycoprotein; it is expressed on the surface of T
cells [31]. CTLA-4 receptors are bound by the same ligands as CD28, but with a 20-times
higher affinity, and thus they outcompete CD28 for ligands [32,33]. CTLA-4 activation
interferes with T cell motility and ability to form stable interaction with antigen-presenting
cells (APCs), thus decreasing the contact time between cells [34]. CTLA-4 are effective
during the priming phase of naive T cells and occur in the lymphatic tissue [35]. The
interaction of CTLA-4 and its ligands leads to T cell inhibition. Using anti-CTLA-4 immune
checkpoint blockade prevents this inhibition of T cell activation and promotes anti-tumor
response [36]. In addition, the PD-1 receptor is expressed on the surface of activated T
cells and was discovered in 1992 [37]. PD-1 ligands (PD-L1 and PD-L2) are expressed in
many tissues and frequently in different cancer types, including melanoma [38]. PD-1/PD-
L1 strongly counteracts T cell receptor (TCR) signal transduction even at very low PD-1
levels. As a result, PD-1 abrogates the production of cytokine and induces cell cycle arrest
accompanied with a decrease in the pro-survival factor Bcl-XL [39]. Moreover, PD-1 causes
a rapid switch from glycolysis to fatty acid B oxidation in CD8+ T cells and leads to reactive
oxygen species accumulation, damage of mitochondria, and cell death. PD-1 signals are
effective during the effector phase and occur within the peripheral tissues [35]. Therefore,
the use of PD-1 blockade restores T cell functions [32].

In 2011, ipilimumab was the first FDA-approved antibody in melanoma inhibiting
signaling via cytotoxic T-lymphocyte-associated proteins (CTLA-4) on T cells. Three years
later, another anti-PD-1 (nivolumab) gained approval and an anti-programmed death-1
(anti-PD-1) monoclonal antibody, pembrolizumab, was approved for the treatment of
metastatic melanoma patients. Of note, the adverse events were lower for pembrolizumab
than for ipilimumab [40]. Like anti-PD-1, anti-PD-L1 antibodies (atezolizumab, avelumab,
and durvalumab) have also shown promises in anti-tumor responses. The overall response
rate of atezolizumab alone as monotherapy was consistent with the ORR of anti-PD-1 in
melanoma patients (~30%) [41]. Finally, a combination of an anti-CTLA-4 with an anti-
PD-L1 was shown effective: nivolumab alone or in combination with ipilimumab was
associated with longer PFS and OS at 5 years than ipilimumab alone [42]. The OS and PFS
of immune checkpoint inhibitors based on clinical trials are summarized in Table 2. Of
note, immunotherapy was approved to treat people with advanced melanoma regardless
of whether their tumors had BRAF mutation or not [43]. In contrast to targeted therapies,
immunotherapy with ICI also shows more durable clinical responses, lasting for several
years. However, primary resistance mechanisms are still present [44].

Table 2. PFS and OS of immune checkpoint inhibitors (ICI).

Clinical Trial Overall Response Rate Progression-Free Survival Overall Survival
(ORR) (PFS) (0S)

CHECKMATE 67 459 Median (months) 6.9 Median (months) 36.9

Nivolumab (Anti-PD-1) [45] ? 5-year PFS 29% 5-year OS 44%
CHECKMATE 67 199 Median (months) 2.9 Median (months) 19.9

Ipilimumab (anti-CTLA-4) [45] ? 5-year PFS 7% 5-year OS 26%
CHECKMATE 67 589 Median (months) 11.5 Median (months) 72.1

Nivolumab + ipilimumab [45] ? 5-year PFS 36% 5-year OS 52%

1.3. Combination of Targeted Agents with Immunotherapy

Targeted and immune therapy have changed the management of advanced stage
melanoma. Both have improved the outcomes of patients with melanoma. However, some
limitations and toxicities are still present [46]. Combination studies were considered to coun-
teract the limitations of both therapies, i.e., the lack of durability of response for targeted
therapies and the lower initial response rate for immune therapy. Besides the limitations, there
is evidence that targeting the MAPK pathway modulates anti-tumor immunity via several
mechanisms [46]. First, it inhibits the suppressive immune cells such as myeloid-derived
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suppressor cells (MDSCs) and regulatory T cells (Tregs) [47]. Second, during treatment with
BRAFi there was an increase in the expression of tumor-associated antigens that can promote
recognition of tumor cells by T lymphocytes. Finally, the higher MHC (major histocompat-
ibility complex) expression was associated with MAPK inhibition and this promotes T cell
activation and facilitates T cell anti-tumor response [47]. Understanding these immune effects
helps optimize the use of these therapies alone or in combination.

The first clinical study that combined targeted therapy (vemurafenib) with an im-
mune checkpoint inhibitor (anti-CTLA-4 ipilimumab) showed severe hepatic toxicity and
the researchers ended up stopping the trial. By contrast, ipilimumab combined with
dabrafenib was better tolerated whereas the triple combination of ipilimumab, dabrafenib,
and trametinib was also associated with gastrointestinal toxicities [48,49]. Later on, clini-
cal trials combining targeted and immunotherapy shifted towards anti-PD-1/anti-PD-L1
agents [50]. In this context, multicenter studies assessed the safety of triple combinations
BRAFi/MEKi/Anti-PD-1. While the ORR in the triple combinations (KEYNOTE-022, IM-
SPIRE150, and COMBI-i) was between 63% and 69% (Table 3), the studies reported severe
grade 3 or 4 adverse events (AEs) compared to double combinations. Interestingly, combin-
ing anti-PD-1 with MEKi was associated with a better disease control, with less toxicity
than the triple combination, supporting the need for further studies [50].

Table 3. PFS and OS of combined targeted and immunotherapy.

Clinical Trial Overall Response Rate Progression-Free Survival Overall Survival
(ORR) (PFS) (0S)

COMBI-I [51]

Spartalizumab (anti-PD-1) + 69% Median (months) 16.2 Not available
dabrafenib + trametinib
IMSPIRE 150 [29]
Atezolizumab (anti-PD-L1) + 66% Median (months) 15.1 Not available
vemurafenib + cobimetinib
KEYNOTE-022 [52]

Pembrolizumab (anti-PD-1) + 63% Median (months) 16.9 Not available

dabrafenib + trametinib

Combined immunotherapy with targeted therapy versus sequential immunother-
apy/targeted therapy needs to be considered and requires an oncologist to decide which
treatment option is necessary. It remains a major therapeutic challenge to decide which
treatment will induce the best efficacy as a first-line treatment [53]. Sequencing anti-
PD-1 treatment before targeted therapy influences the response in BRAFV600E-mutant
melanoma [54]. Hence, most patients who have received anti-PD-1 after BRAF/MEK
inhibition required hospitalization for adverse events and dose interruptions [55]. This
may be due to micro-environmental features associated with immunotherapy resistance
that promote cross-resistance to targeted therapies [56]. Another sequential combination
trial (DREAMseq) was conducted recently in 2022 to determine the optimal treatment
sequence and has shown that the combination of nivolumab/ipilimumab followed by
targeted therapy is preferred in most patients [57].

Decision-making criteria are increasingly complex regarding whether to choose tar-
geted therapy or immunotherapy as a first-line treatment [58]. In this context, predictive
biomarkers that aim to identify patients and predict responders or non-responders are
needed and have been included in trials as secondary endpoints [53]. Several biomarkers
have been studied in metastatic melanoma such as clinical endpoints (tumor burden and
metastatic sites), blood markers (serum lactate dehydrogenase (LDH), neutrophils, mono-
cytes, and lymphocytes levels), stool (gut microbiome), tumor tissue markers (mutational
analysis, tumor infiltrating lymphocytes, PD-L1, interferon-y), and imaging biomarkers [59].
However, there is to date still a lack of clinically validated robust biomarkers. In parallel,
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metabolic plasticity has been shown to be responsible for treatment resistance in several
cancers [60]. Within this scope, recent studies suggest that metabolic shifts observed in
response to melanoma therapy could be linked with sensitivity or resistance to targeted
or immune therapy, and are described in the next section. Imaging these metabolic shifts
could therefore be useful to assess/predict the response to treatment in melanoma.

2. Aberrant Metabolism in Melanoma

Deregulated metabolism is one of the common hallmarks of cancer [61]. Tumors are
heterogenous and this heterogeneity creates a complex metabolic pattern. The majority of
proliferating melanoma cells use glycolysis to quickly produce ATP to sustain their prolifer-
ation and provide macromolecules for cell division [62]. In vitro and in vivo, resistance to
BRAF inhibitors induces different metabolic changes including decreased glycolysis [63,64],
dependence on glutamine metabolism [65-67], increased serine biosynthesis [68,69], and
activated mitochondrial oxidative signature [65,70].

BRAF-mutated melanomas exhibit increased glycolysis [71,72]. This dependence on
glycolysis sensitizes BRAF-driven melanomas to BRAF inhibitors [73]. Following treatment
with BRAFi, a decreased glycolysis and increased oxidative phosphorylation were observed
in these tumors [74,75]. Moreover, BRAFi induced a decrease in the uptake of glucose using
I8E_FDG (fluorodeoxyglucose) in melanoma xenografts and patients [63,64].

Besides glucose, glutamine, the most abundant amino acid circulating in the blood-
stream [76], is another important fuel for cancer cells [77]. It has a major role in producing
ATP and replenishing TCA (tricarboxylic acid) cycle intermediates, and can be synthesized
in skeletal muscles, adipose tissue, and lungs. It is a non-essential amino acid under physi-
ological conditions that becomes essential under pathological conditions [76]. Following
cellular transport through different transporters such as NAD+ alanine serine cysteine
transporter 2: SLCA5 (LAT1) and SLC1A5 (or ASCT2), glutamine is hydrolyzed into glu-
tamate by glutaminases (GLS); different enzymes including glutamate dehydrogenase
mediate the deamination of glutamate to alpha-ketoglutarate [78]. Glutamine dependency
has been shown in melanoma cell lines, thus demonstrating that glutamine is an essential
amino acid as much as glucose [79]. In this context, c-Myc has been shown to be a target of
ERK and enhances glutamine uptake and glutaminolysis by regulating the transcription of
genes coding for SLCAS5 and GLS, respectively [80,81]. Studies have shown the glutamine
dependency of A375, SKMELS, and G361 melanoma-resistant cells to BRAF inhibitors [67].

Finally, glycolysis produces ATP and intermediates that support the PPP (Pentose
Phosphate Pathway) and the serine/glycine pathway in melanoma cells. Phosphoglycerate
dehydrogenase (PHGDH) catalyzes the first step of the serine/glycine pathway and is
overexpressed in melanoma cell lines and tumors [82]. Serine has a major role in the
synthesis of purine and pyrimidine. It can be synthesized from 3-phosphoglycerate and
converted to glycine by serine hydroxymethyltransferase (SHMT) [83]. Several PHGDH
inhibitors have been developed. One study has shown that targeting PHGDH resensitizes
resistant melanoma to MAPK inhibition [69,84]. Besides serine, melanoma cancer cells can
also rely on other non-essential amino acids such as aspartate and glycine to meet their
bioenergetics needs. Aspartate represents a limiting metabolite for cancer proliferation
under hypoxic conditions [85], while high rates of glycine consumption are associated with
increased cell proliferation [86].

A metabolic symbiosis was identified between tumor cells based on lactate exchange [87].
Due to the heterogeneity within the tumor, there are two types of tumor populations: the
oxidative and the hypoxic tumor cells. The hypoxic tumor cells rely on glycolysis. The
lactic acid is released by these cells through the MCT4 and is used by oxidative cancer cells,
which makes glucose available for hypoxic cells [88]. The oxygenated tumor cells use lactate,
which is oxidized to pyruvate by LDH1 and fuels the TCA cycle to produce energy. This
metabolic preference and cooperation are the core of the tumor cell survival under hypoxia.
In addition, this metabolic crosstalk has been also documented between cancer cells and
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cancer-associated fibroblasts [89]. A metabolic symbiosis has been shown to be vital for
melanoma progression [90].

2.1. Crosstalks between MAPK Signaling and Melanoma Cell Metabolism

In melanomas, the Warburg phenotype is driven by the activation of signaling path-
ways, particularly the MAPK pathway. Glucose metabolism is regulated by oncogenic BRAF
via several factors: avian myelocytomatosis viral oncogene homolog (c-Myc), hypoxia-
inducible factor 1 alpha (HIF-1 alpha), and microphtalmia-associated transcription factor
(MITF), which are direct targets for phospho-ERK (p-ERK) [91,92] (Figure 1).

c-Myc is a proto-oncogene that has a pivotal role in cell proliferation, differentiation,
and apoptosis. Its overexpression sensitizes cells to apoptosis [93]. c-Myc overexpression
drives melanoma metastasis [94]. The ERK-mediated phosphorylation of Serine 62 results in
the stabilization of c-Myc while the phosphorylation at threonine 58 by the glycogen kinase
synthase (GSK-3f3) targets c-Myc for proteasomal degradation [95]. Among thousands of
c-Myc targets, which have a role in protein biosynthesis, cell metabolism, and the cell cycle,
the glycolytic genes GLUT1, MCT1, MCT4, GAPDH, and LDHA are direct targets relevant
to the tumor metabolic phenotype [96-98].

HIF-1 alpha regulates the transcription of genes encoding for glucose transporters
(GLUT1/2), hexokinase I/1I, monocarboxylate transporters (MCT4), and pyruvate dehydro-
genase kinase 1 (PDK1). For instance, HIF-1 alpha activates the pyruvate dehydrogenase
kinase (PDK), which is a PDH inhibitor, preventing the entrance of pyruvate into the TCA
cycle [99,100], resulting in an increased glycolytic flux and a decreased mitochondrial
respiration [79,101,102]. In addition, HIF-1 alpha increases the expression of the uroki-
nase plasminogen activator receptor (uPAR) which is expressed in one-third of melanoma
cases [103,104]. The uPAR connection with EGFR (Epidermal Growth Factor Receptor)
and the PI3K/mTOR/HIF pathway drives a glycolytic phenotype in melanoma [105]. In
addition, uPAR regulates the expression of Enolase-1 (ENO1) and extracellular matrix met-
alloproteinase (EMPPRIN), which both contribute to the invasive phenotype of melanoma
metabolism and glycolysis [105]. Specifically, HIF-1 alpha and c-Myc upregulate MCT4
and lead to lactate secretion into the tumor micro-environment. Monocarboxylate trans-
porters (MCTs) are the main bidirectional transporters of lactate. It has been shown that
the expression of GLUT1 and MCT4 is increased from primary to metastatic melanoma
tumors [106]. Finally, MITF inhibition via the MAPK pathway has also been shown to
promote glycolysis [91].

Accordingly, targeting melanoma metabolism to overcome resistance has been stud-
ied in preclinical trials. To date, there is still no approved drug modulating melanoma
metabolism to treat patients with melanoma. Within this scope, many studies have ex-
plored the role of glucose and glutamine metabolism and the rationale to target it for cancer
treatment. For instance, one ongoing clinical trial is currently testing the combination
of CB-839 (glutaminase inhibitor) with the immune checkpoint inhibitor nivolumab in
melanoma patients [107,108]. Moreover, biguanides (anti-diabetic drugs) such as met-
formin and phenformin have demonstrated anti-tumor activity [109]. It is known that
adenosine monophosphate activated protein kinase (AMPK) is activated by metformin and
phenformin. In addition, it has been shown that the oncogenic BRAFV600E suppresses
the activity of AMPK, providing the rationale of combining BRAFi with metformin and
phenformin for the treatment of melanoma [110-112]. The use of metformin has shown
no clinical benefit on melanoma patients who progressed with targeted or chemother-
apy [113]. Nonetheless, in some cases metformin accelerates tumor growth in vivo in
resistant BRAF-mutant melanoma cells [114]. Clinical trials have been performed to test
metformin treatment against melanoma: in particular, the combination of BRAFi/MEK:i or
anti-PD-1 or chemotherapy with metformin, NCT01638676, NCT02143050, NCT01638676,
NCT02190838. Phenformin showed more potent anti-tumor effects when compared to
metformin. However, it also showed serious side effects in diabetic patients, which led to
its withdrawal.
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Figure 1. Link between the MAPK pathway and melanoma cell metabolism. The MAPK pathway is
linked to tumor cell metabolism via several factors: HIF-1a, c-Myc, and MITE. These are direct targets
for p-ERK. They are modulators of glycolysis and glutaminolysis. Adapted from [115].

2.2. Crosstalks between Immune Cell Signaling and Melanoma Cell Metabolism

Metabolic transitions are not exclusive to cancer cells; they are also observed in other
proliferating cell types including activated T cells and others [116]. T cell bioenergetic is
influenced by several mechanisms including the following: nutrient competition, immuno-
suppressive compounds, and immune checkpoints [117] (Figure 2). Recent studies indicate
a notable difference in energy consumption between active and resting immune cells. For
instance, the metabolic activity of naive T cells remains largely constant with minimal
proliferation. Consequently, they require only essential nutrients and a minimal rate of
glycolysis and biosynthesis to sustain their functions. The primary source of ATP in these
cells is OXPHOS [118]. Once stimulated by external triggers, T cells undergo a metabolic
shift characterized by high nutrient uptake, elevated glycolysis, increased synthesis, and
the accumulation of proteins, lipids, and nucleotides [118]. Also, effector immune cells, like
activated cytotoxic T cells, undergo metabolic reprogramming in order to carry out various
functions, such as eliminating cancer cells and releasing cytokines [119].

A metabolic and nutrient competition exists between tumor and immune cells in the
tumor micro-environment (TME) as the energy demand is high in the TME [120]. This
creates a continuous battle for nutrients. The glucose metabolism of cancer and immune
cells in the TME was shown to be mediated by the glucose transporters GLUT1 and
3. A reciprocal change in the glucose uptake was observed between immune cells and
cancer cells. For instance, the GLUT1-mediated cancer cell uptake is suppressed when the
GLUT3-mediated immune cell uptake is increased [121]. In this context, CD28 promotes
the upregulation of GLUT1 and allows glucose uptake [122]. It has been demonstrated that
in TCR-stimulated T cells, the glucose uptake was increased upon the induction of CD28
co-stimulation via Ab-coated beads [123]. Moreover, the cytolytic activity of T cells and the
IFN-gamma (interferon-gamma) production are regulated by glucose consumption [124].
Further, the oxygen consumption by oxidative melanoma cells leads to deprivation of
oxygen from T cells, decreased anti-tumor immunity, and poor response to PD-1 blockade.
In this context, the inhibition of oxidative metabolism showed an increased sensitivity
to PD-1 blockade [125]. There is evidence that tumors with gain-of-function mutations
in glycolytic enzymes exhibit high resistance to T-cell-mediated immunity. For instance,
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in renal cell carcinoma, the high expression of glucose transporter GLUT1 is correlated
with low CD8+ T cell infiltration in the tumor [126]. Indeed, several investigations have
provided evidence that the glycolytic activity of cancer cells can hinder the uptake of
glucose by tumor-infiltrating lymphocytes, leading to T cell exhaustion, an evasion of the
immune response [127].

Besides nutrient competition, many byproducts of cellular metabolism have an im-
munosuppressive role in the TME. As per the findings, glycolytic metabolites such as lactate
have been shown to have a detrimental impact on the immune function by modulating
the activation and maturation of dendritic cells [128,129], impairing T cell proliferation
and cytokine production [130]. Furthermore, elevated levels of lactate and reactive oxygen
species (ROS) are commonly observed in the TME and represent other mechanisms for
immune cell suppression. These factors collectively contribute to cancer progression and
facilitate immune evasion [129]. In addition, the accumulation of K+ in the interstitial
fluid of the tumor acts as a suppressor of amino acid and glucose transporters in T cells.
An additional immunosuppressive way involves the adenosine produced by suppressive
Treg cells which binds to adenosine receptors (A2AR) on cytotoxic T cells and suppresses
their function through the reduction of NF-kB (nuclear factor-kB) signaling [131]. Further-
more, tumor-derived cholesterol can induce metabolic and ER stress in T cells preventing
cytokine production by T cells and leading to increased immunosuppressive molecule
expression (PD-1, TIM-3, or T cell immunoglobulin and mucin domain molecule 3, LAG-3,
or lymphocyte activation gene-3) [132].

In addition to tumor cells, other immune cells consume nutrients that are beneficial to
T cells and thus produce immunosuppressive metabolites. For instance, M2 macrophages
utilize L-arginine through the upregulation of arginase-1 leading to the depletion of arginine
required for protein synthesis in T cells. Moreover, indoleamine 2,3 dioxygenase (IDO)
is highly expressed in M2; it metabolizes tryptophan into kynurenine, thus depleting
tryptophan availability for T cells. Finally, the inhibitory receptors (IRs) such as PD-1,
CTLA-4, LAG-3, and TIM-3 are a defining characteristic of T cell dysfunction. These IRs
impair T cell response against tumors by altering their metabolism. PD-1 alters T cell
function by increasing CPT1a, a fatty acid oxidation (FAO) enzyme, and by decreasing
glycolysis. In contrast, PD-L1 expression in tumor cells enhances glycolysis and deprives
T cells of glucose [133]. There is also evidence that the MAPK inhibition influences PD-
L1 expression. MAPK activation in melanoma cells that are resistant to BRAF inhibitors
promotes the expression of PD-L1; however, MEKi combinations showed a downregulation
of MAPK and a suppression of PD-L1 expression [134]. Furthermore, it has been shown
that hypoxia induces PD-L1 expression and activates Hedgehog (Hh) signaling [135]. Of
note, Hh is a pathway that has a role in growth and in different tissues during embryonic
development [136]. Moreover, PD-L1 is a direct target of HIF-1ox in myeloid-derived
suppressor cells (MDSC). PD-L1 inhibition under hypoxia enhanced T cell proliferation.
In this context, tumor metabolism was altered following PD-L1 blockade [127]. Other IRs
such as CTLA-4 inhibit the function of T cells and downregulate the glutamine transporters
and GLUT], thus decreasing the bioenergetic potential of T cells [137]. LAG-3 also impairs
T cell activation and proliferation.
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Figure 2. Metabolic and immunological checkpoints that impede T-cell-mediated immunity. Tumors
adjust their metabolism in response to nutritional stress to compete for glucose and amino acids (AA),
thereby suppressing T cells. Inmune checkpoint receptors exert negative metabolic functions in T
cells. Tumor metabolites impact the function of T cells. Byproducts of immunosuppressive immune
cells contribute to the metabolic exhaustion of T cells. Adapted from [117].

3. Imaging Metabolism as a Marker of Response to Treatment in Melanoma

In oncology, detecting treatment response at an early stage is crucial. This can allow for
treatment adjustments, such as intensifying therapy or discontinuing ineffective treatment
to prevent unnecessary side effects. In treatment monitoring, the measurement of tumor
size remains the most used method for evaluating tumor response. The World Health
Organization (WHO) suggested the initial guidelines in 1979. They were later revised into
the Response Criteria in Solid Tumors (RECIST) in the 1990s, focusing on the maximum
diameter of the tumor. However, in some cases the reduction in tumor size occurs at later
stages of treatment. In addition, targeted therapies can result in tumor size stabilization
rather than in a significant reduction in size, still with significant increase in overall survival.
Therefore, it is crucial to use non-invasive imaging to evaluate early response to treatment.
Indeed, the parameters of the TME, including the metabolic phenotype or plasticity, can be
affected by a therapy earlier than the tumor size is affected, due to the existing links between
tumor cell signaling and metabolic pathways. This is even more significant to assessing
the response to immunotherapy, where the TME plays a critical role. Several non-invasive
imaging modalities exploit the perturbed metabolic state of tumors. Those methods have
the potential to assess tumor response by assessing metabolic shifts or plasticity in response
to cancer treatment, and thereby can provide information for treatment monitoring and
potentially predicting survival for cancer patients.

3.1. PET (Positron Emission Tomography) Imaging to Assess Response in Melanoma

Among various non-invasive molecular imaging methods used in both preclinical
and clinical settings, positron emission tomography (PET) has emerged as a powerful tool
for cancer detection and monitoring [138]. The PET detection method is based on the use
of a radiolabeled substrate that is a short-lived positron-emitting isotope such as '8F. The
positron combines with an electron, and the two opposite charges annihilate each other
and produce two gamma rays (annihilation photons) of each 511 keV emitted in opposite
directions at approximately 180° from each other, which are detected by small detectors
that are placed in adjacent rings around the patient [138]. In cancer, the method is based on
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the high glucose consumption in tumors with respect to most healthy tissues, and therefore
uses the glucose analog 2-deoxy-2-[fluorine-18] fluoro D-glucose (‘FDG) as a tracer of the
glucose uptake into cells by glucose transporters [138]. Of note, the 8 FDG tracer is not
metabolized further inside the cells (i.e., it is not phosphorylated by the hexokinase enzyme
into G6P (glucose-6-phosphate)), contrarily to glucose. Notably, a reduction in ¥ FDG
uptake has been observed in melanoma cells in laboratory studies as well as in human
tumors following targeted therapy [63,139]. More specifically, the inhibition of BRAF has
been found to result in decreased 'FDG uptake in both BRAF-mutated melanomas in
xenograft models and in patients [63,139]. In particular, early 8 FDG-PET scans at day 15 in
patients treated with targeted therapy (dabrafenib) on phase I trials demonstrated early,
complete, or partial metabolic responses, potentially with prognostic significance [64,139].
However, heterogeneity of response was common in metastatic melanoma treated with
dabrafenib [63,139].

Studies have also investigated the use of ¥ FDG-PET as an early predictor of im-
mune checkpoint blockades in patients with melanoma [140,141]. As an example, BEDG-
PET performed after two cycles of ipilimumab has demonstrated high predictability for
the final treatment outcome in patients with progressive and stable metabolic disease in
metastatic melanoma. However, the distinction of patients between pseudo-progression
and progressive disease has been shown in several consecutive studies to be limited using
I8F_FDG-PET/CT, consisting of the combination of PET imaging with computed tomog-
raphy (CT), providing anatomical information simultaneously with the ¥FDG uptake
maps [142,143]. All studies assessing response to immunotherapy with ¥ FDG-PET along
with associated standardized evaluation criteria were recently reviewed by Mangas Losada
et al. [141]. Importantly, in 2018, standardized criteria, PERCIMT (PET Response Evalu-
ation Criteria for Immunotherapy), were defined for melanoma, including morphologic
and metabolic response to assess the clinical benefit of immunotherapy [141,144,145]. In
parallel, standard PERCIST (Positron Emission tomography Response Criteria in Solid Tu-
mors) criteria were also revisited in the scope of immunotherapy, including iPERCIST [146]
and immunotherapy-modified PERCIST5 (imPERCIST) [147]. Although these criteria
are neither globally accepted nor clearly established yet, they consider the fact that im-
munotherapy can cause non-conventional patterns of response and must be considered
for personalized evaluation [141]. Despite the efforts that have been made to standardize
the criteria to assess response to immunotherapy with ¥ FDG-PET, many challenges re-
main in the field, including the distinction between atypical response patterns, including
pseudo-progressive disease, hyper-progressive disease, dissociated response, and sustained
response [145]. In the future, radiomic features from PET/CT could be useful to better
predict response to immunotherapy in melanoma [148].

There is therefore room for improvement in melanoma response monitoring using
metabolic imaging. As 8 FDG-PET only probes glucose uptake, methods able to assess
glucose downstream metabolites or real-time metabolic fluxes are of interest and will be
described in the next section.

3.2. Magnetic Resonance Metabolic Profiling to Assess Response to Melanoma Therapy

13C-metabolic tracing/fluxomic involves introducing a nutrient labeled with a stable
(i.e., non-radioactive) isotope that can be recognized by nuclear magnetic resonance (NMR)
spectroscopy or mass spectrometry (MS) [149]. As most of the carbon in the human body
is in the form of the carbon-12 (12C) isotope, the signal from naturally abundant *C is very
low [149], which constitutes an advantage in tracing experiments where the goal is to monitor
the metabolic conversions of an exogenous *C-labeled substrate with a very low background
signal. In this context, 1*C is commonly used to track carbon fates from *C-glucose, and
the transfer of the isotope label to downstream metabolites occurs as a result of metabolic
activity in tissues [149]. Metabolomics and stable isotope tracing provide complementary
views of the metabolic phenotype, with metabolomics providing a broad view of steady-state
metabolite abundance whereas isotope tracing adds a component of dynamic metabolite
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turnover [150]. With respect to the detection method, both NMR and mass spectrometry are
being used. NMR spectroscopy measures the transition from one stage of energy to another
of nuclei possessing a spin # 0 (i.e., atoms with an odd mass number or atoms with a peer
mass number and an odd proton number), whereas MS determines the mass of a molecule by
assessing the mass-to-charge ratio m/z of its ion, which is generated by inducing either the loss
or gain of a charge from a neutral species. With respect to MS, extracted metabolites are often
separated using gas chromatography (GC-MS), liquid chromatography (LC-MS), and capillary
electrophoresis (CE-MS). Whereas NMR and MS methods have often been compared in terms
of sensitivity, which is largely in favor of MS, the complementarity between both techniques
is strong, with MS providing sensitive information on the fractional enrichment of mass
isotopomers and NMR providing detailed positional information on isotope enrichments (i.e.,
a more reliable metabolite structure identification) [150]. The technique is being considered
to assess sensitivity to therapy in the preclinical setting as well as in clinical studies, with a
higher specificity than '8F-FDG-PET, by monitoring the fate of glucose beyond glucose uptake
by the tumor cells. The clinical safety in humans has already been demonstrated, as the group
of Deberardinis [151] initially developed a protocol to analyze human tumor metabolism
through the IV infusion of 1*C-glucose in patients, and ex vivo detection of the downstream
metabolites on tumor biopsies or on resected tumors [151]. The method has been applied
to several tumor types in patients [75,152,153] and in mouse xenografts [154], yet with the
disadvantage of an ex vivo detection, which is unpractical for longitudinal monitoring.
Besides ex vivo 3C-metabolic tracing, hyperpolarized (HP) 3C-MRI is an emerging
molecular imaging method that allows for the rapid, non-invasive, and pathway-specific
investigation of dynamic metabolic and physiologic processes that were previously inac-
cessible to imaging [155]. The technique overcomes the low intrinsic sensitivity of 1>C
magnetic resonance spectroscopy (MRS) that hampers in vivo studies because of long
acquisition times. Indeed, one method for overcoming the low signal of 1*C-MRI is through
the external hyperpolarization and injection of exogenous '3C-labeled molecules, thereby
enabling the imaging of central metabolic pathways such as glycolysis and the tricar-
boxylic acid cycle in real-time [156]. Hyperpolarization refers to a temporary increase in
the proportion of nuclear spins aligned with the main magnetic field, thereby temporarily
boosting the difference in the spin populations of the two energy states, which is directly
linked to the sensitivity of NMR [156]. Several methods can be used to achieve hyper-
polarization including dynamic nuclear polarization (DNP) and parahydrogen-induced
polarization (PHIP) [156]. By this way, dynamic metabolic processes can be assessed in vivo
by temporarily boosting the 13C-NMR signal of some key metabolic substrates allowing
the in vivo dynamic measurement of metabolic conversions [156-158]. The technique
presents the unique advantage of probing real-time metabolic fluxes in vivo and therefore
does not require excising the tumor sample. In particular, HP 3C-MRS can image the
real-time conversion of HP-[1-*CJpyruvate to [1-'3C]lactate, catalyzed by LDH, and is a
promising preclinical and clinical imaging biomarker of aggressiveness and early treatment
response [159-161]. The technique measures the 3C-lactate-to-'3C-pyruvate ratio, reflect-
ing the activity of LDH. The ratio is also influenced by the activity of monocarboxylate
transporters, including MCT1 [162] and by the level of hypoxia [163]. Potential clinical
applications of hyperpolarized '*C-MRI in oncology include using metabolism to strat-
ify tumors by grade, selecting therapeutic pathways based on tumor metabolic profiles,
and detecting early treatment response through the imaging of shifts in metabolism that
precede tumor structural changes, as recently reviewed [156]. The first human study
with HP-[1-13C]pyruvate demonstrated the safety of the method, along with the evidence
that 13C-MRI could identify a prostate tumor that was not visible with conventional 'H-
MRI [164]. This was followed by numerous clinical studies with HP-[1-13C]pyruvate in
pancreatic, kidney, breast, and brain cancers [165,166]. The method has further been applied
for tumor grading, showing higher levels of pyruvate-lactate exchange in more aggressive
tumors [163,167,168]. With respect to therapy monitoring, studies identified early response
to chemotherapy or targeted therapy in several human cancers [169-171] and in numerous
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preclinical models, including breast, pancreatic, hepatocellular, glioblastoma, lymphoma,
prostate, head and neck, ovarian, and cervical cancer xenografts, as recently reviewed [156].

Although several works point out the role of glucose metabolism in melanoma cell
signaling, as summarized in Sections 2.1 and 2.2 of this review, little has been done so far
using '3C-metabolic tracing/fluxomic or '3C real-time metabolic imaging with respect to
the assessment of response to advanced melanoma therapy. In vitro works suggested that,
following treatment with BRAF inhibitors, mutant BRAF human cancer cells (WM266.4 and
SKMEL28) showed an inhibition of HP 13C-pyruvate-lactate exchange, associated with de-
pletion in hexokinase 2 and MCT1 and MCT4 [74]. Similarly, our group showed that BRAF
inhibitors in human A375-sensitive melanoma cells impaired glycolysis in vitro, as attested
by a decreased 3C-pyruvate-!3C-lactate exchange in response to vemurafenib [172]. How-
ever, in human A375 melanoma xenografts in vivo, the HP pyruvate-lactate exchange was
increased after BRAF inhibition. This paradoxical effect suggested a significant influence of
the tumor micro-environment on the tumor metabolic phenotype. Therefore, we further
characterized the 1*C-metabolic profile in response to BRAF/MEK-targeted therapies in
YUMM1.7 [173] and YUMMER1.7 [174] syngeneic melanoma xenografts characterized for
BRAFV600E/wt PTEN—/— CDKN2—/—, allowing the use of immunocompetent mice to
fully integrate all aspects of the tumor micro-environment. We evaluated the relevance of
HP BC-pyruvate as well as of '3C-MRS fluxomic after [U-1*C]-glucose injection, as potential
markers of response to targeted and immune therapies in the preclinical setting [175,176].

Regarding targeted therapies, 1>*C-MRS fluxohimic was able to assess response in
YUMML1.7 xenografts. In particular, a significant decrease in >C-lactate production after
13C-glucose injection was observed as soon as 24 h after treatment initiation with a single
BRAF inhibitor (vemurafenib), with a single MEK inhibitor (trametinib), and with the
combined BRAF/MEK inhibitors (vemurafenib + trametinib), contrarily to the control
group. This suggests that 1>C-glucose could be a marker of response to melanoma targeted
therapy since all treatments were proven efficient to delay the growth of the YUMM1.7
xenografts. However, the technique was not able to reflect the higher efficacy of the
combined targeted therapies in comparison with the single inhibitors in terms of growth
delay. On the contrary, HP 13C-pyruvate could discriminate positive response in four out
of five tumors treated with the combined BRAF/MEK inhibition, in comparison with the
single inhibitors, showing potential for a better sensitivity than 3C-fluxomic when used
for individual monitoring, i.e., by comparing the 3C-lactate-to-'*C-pyruvate ratio before
and 24 h after treatment for each individual tumor [175].

With respect to immune checkpoint inhibitors, we characterized the 1*C-metabolic
profile in response to PD-1 blockade in YUMMERL1.7 syngeneic melanoma xenografts,
described to be sensitive to immunotherapy [176]. A significant decrease in the ratio of
HP 13C-lactate to '3C-pyruvate was observed in vivo after one cycle of immunotherapy,
which was not observed in the isotype control group, and that was in accordance with a
decrease in LDH-A expression in the same tumors. However, a lack of change in *C-lactate
production was observed using '3C-glucose tracing at the same timepoint, illustrating that
steady-state metabolite concentrations do not necessarily reflect the activity of a metabolic
pathway, contrarily to real-time metabolic measurements. Importantly, the change in the
13C-lactate-to-'*C-pyruvate ratio preceded any significant change in tumor volume in the
anti-PD-1 and isotype groups that were significantly different after two cycles of immune
therapy. Of note, at this timepoint, T cell and macrophage populations showed a trend
to increase in the peripheric regions of the treated tumors. The interplay between the
anti-PD-1 effect and the pyruvate-to-lactate conversion is potentially the consequence of
several mechanisms. In particular, it was reported that PD-1 expression is regulated by the
lactate levels present in the TME, and that the metabolic enzyme LDH-A plays a crucial
role in the modulation of immune anti-tumoral responses to anti-PD-1 [177]. Accordingly,
it was recently shown that the blockade of LDH-A improves the efficacy of anti-PD-1
therapy in B16 melanoma [177]. These data illustrate the potential of non-invasive real-time
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monitoring of the metabolic flux to assess response to immunotherapy before any classic
(RECIST) clinical criteria are affected.

Interestingly, Zhang et al. [178] demonstrated recently using stable isotope tracer-
based metabolic flux studies that immunologically hot melanoma utilizes more glutamine
than immunologically cold melanoma in vivo and in vitro. This was corroborated by
analyses of human melanoma RNA-seq data, demonstrating that glutamine transporters
and other anaplerotic gene expression positively correlated with lymphocyte infiltration
and function [178]. In addition, it has been shown that tumors induced by overexpres-
sion of c-Myc have increased glutamate production following *C-glutamine injection,
suggesting that glutamine metabolic changes may be the result of an overexpression of
c-Myc [179]. It would therefore be relevant to consider 1*C-glutamine tracing experiments
in the YUMMERL1.7 xenografts in response to anti-PD-1 immunotherapy.

4. Discussion

Preclinical data suggest that metabolic imaging approaches could be assessed in the
clinical setting in order to identify advanced melanoma patients who are more likely to
respond to targeted, immune, or combined therapies. Additionally, it may contribute to the
development of more effective treatment strategies for advanced melanoma patients by
enabling early monitoring of treatment response and potentially predicting the emergence
of drug resistance in the transition towards personalized medicine. In particular, this
could help in the determination of the sequential administration of targeted and immune
therapy on an individual basis. In this context, hyperpolarized *C-pyruvate MRI has
been successfully translated into the clinical setting, with initial safety studies, followed by
studies correlating the lactate-to-pyruvate ratio with the tumor grade in several cancers
and for detection of early treatment response [156]. Clinical research is ongoing to evaluate
the accuracy of the method for monitoring response to new anti-cancer drugs, yet with the
need for new technical developments to enable the use in a routine clinical setting [156].
In addition, the combination with emerging non-invasive metabolic imaging methods
could be of interest to assess response to melanoma therapy, including deuterium (*H)
metabolic imaging (DMI), combining deuterium magnetic resonance spectroscopic imaging
with oral intake or intravenous infusion of 2H-labeled substrates (such as deuterated
glucose) to generate metabolic maps in vivo [180,181]. Similar to *C-glucose, DMI using
2H-glucose can reveal glucose metabolism beyond mere uptake as it undergoes further
downstream metabolism and can be detected via high concentration metabolites such as 2H-
lactate and *H-glutamate/ glutamine in vivo, representing the distinct fates of glucose [182].
Importantly, DMI has directly shown clear translational potential in studies with human
subjects [183], yet with the need for 2H-'H MR clinical coils. Finally, the complementarity
of the emerging metabolic imaging methods with '8 FDG-PET should be assessed in future
clinical studies.
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