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Abstract
Purpose of Review We discuss how potentially modifiable factors including obesity, the microbiome, diet, and exercise may
impact melanoma development, progression, and therapeutic response.
Recent Findings Obesity is unexpectedly associated with improved outcomes with immune and targeted therapy in melanoma,
with early mechanistic data suggesting leptin as one mediator. The gut microbiome is both a biomarker of response to immu-
notherapy and a potential target. As diet is a major determinant of the gut microbiome, ongoing studies are examining the
interaction between diet, the gut microbiome, and immunity. Data are emerging for a potential role of exercise in reducing
hypoxia and enhancing anti-tumor immunity, though this has not yet been well-studied in the context of contemporary therapies.
Summary Recent data suggests energy balance may play a role in the outcomes of metastatic melanoma. Further studies are
needed to demonstrate mechanism and causality as well as the feasibility of targeting these factors.
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Introduction

Outcomes for patients with metastatic melanoma have dra-
matically improved with the development of checkpoint in-
hibitor immunotherapies and MAPK-directed targeted thera-
pies [1–6]. However, a large proportion of patients will not
respond or will develop resistance. Thus, identifying predic-
tors of response and mechanisms of resistance is of great in-
terest to assist clinicians in personalizing treatment regimens
and developing new strategies to improve patient outcomes.
There is strong evidence from other diseases that host (i.e.,
patient-level) factors can impact tumor initiation, progression,

and therapeutic response. However, until recently these fac-
tors had not been well-studied in melanoma, or in the context
of immune or targeted therapy in any disease. Recent data has
suggested that non-modifiable host factors such as age and
biological sex impact melanoma biology and therapeutic re-
sponse, sometimes in surprising ways [7–10]. In this review,
we discuss emerging evidence of how potentially modifiable
factors related to energy balance including obesity, the
microbiome, diet, and exercise may shape melanoma biology,
immunity, and outcomes (Fig. 1).

Obesity

Obesity is considered an established risk factor for 13 different
malignancies [11•]. There are multiple mechanisms linking
obesity to cancer development and progression [12–14].
Adipocytes are biologically active and produce adipokines,
estrogens, and cytokines. Imbalances of the adipokines leptin
and adiponectin can accelerate or inhibit the growth of many
cancers [15]. Excess estrogen produced by adipocyte aroma-
tase activity can fuel the growth of estrogen-responsive tu-
mors such as endometrial and breast cancer [16, 17].
Obesity also leads to systemic metabolic derangements in-
cluding metabolic syndrome and increased blood levels of
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insulin and IGF-1, which can feed into oncogenic signaling
pathways such as the PI3K pathway [18]. Finally, obesity is
considered a meta-inflammatory state characterized by chron-
ic low-level elevation of IL-1, IL-6, and TNF-α which can
both drive carcinogenesis locally and also impair systemic
immunity [19, 20].

Limited evidence [11•] suggests that obesity is associated
with a slightly increased risk of melanoma in men [21] and
increased primary tumor Breslow thickness [22]. Previous
work had implicated the adipokine leptin in directly promot-
ing melanoma growth via leptin receptors on tumor cells [23,
24], and leptin levels in humans have been linked to both
melanoma risk [25] and risk of sentinel lymph node metasta-
ses [26]. More recently, direct cross-talk between adipocytes
and melanoma cells has been described with transfer of lipids
from adipocytes fueling melanoma tumor growth in preclini-
cal models [27].

Despite these data linking obesity and melanoma develop-
ment, the effects of obesity on melanoma outcomes and ther-
apeutic response were largely unknown. Intriguingly, recent
data from our group and others have demonstrated that the
relationship between obesity and outcomes in melanoma
may differ by stage, treatment, and even biological sex. In a
study of > 1100 patients with surgically resected melanoma,
elevated body mass index (BMI) was associated with poorer
melanoma-specific and overall survival [28]. These

associations remained significant after adjusting for age, sex,
and stage. However, when C-reactive protein, a marker of
systemic inflammation, was added to the multivariable model,
the BMI association was no longer significant, supporting
chronic inflammation as a potential mediator [28].

More recently, we found that obesity was associated with
significantly improved outcomes in metastatic melanoma pa-
tients treated with BRAF-targeted or immune checkpoint in-
hibitor therapy. This was contrary to our initial hypothesis, as
it was previously shown that the IGF-1/PI3K pathway can
mediate resistance to both BRAF-targeted [29] and immune
therapy [30] in melanoma and insulin/IGF-1 activation of the
PI3K pathway is a key mediator of the obesity/cancer connec-
tion [18]. However, in this study of > 1900 patients in 6 inde-
pendent cohorts treated with either BRAF/MEK-directed
targeted therapy, checkpoint inhibitors, or dacarbazine chemo-
therapy, we instead observed remarkably strong and consis-
tent associations between obesity (BMI > 30) and improved
outcomes with immune and targeted therapies [31••]. For ex-
ample, in 599 patients treated on randomized phase III trials of
dabrafenib + trametinib, the median progression-free survival
(PFS) for obese (BMI ≥ 30) individuals was 15.7 months vs.
9.6 months for normal BMI (BMI 18.5–24.9). Overall surviv-
al (OS) was 33.0 vs. 19.8 months with very similar survival
differences observed in an independent trial cohort of
vemurafenib + cobimetinib. With immunotherapy (anti-PD-

Fig. 1 Modifiable patient-level
factors such as obesity, diet, and
exercise have the potential to
influence systemic and tumor-
level determinants of melanoma
development, progression, and
response to therapy. Key
mechanisms are thought to be
overlapping including changes in
systemic and tumor-level
metabolism, oncogenic signaling,
gut microbiome, angiogenesis
and oxygenation, and immune
activation and infiltration

72 Page 2 of 10 Curr Oncol Rep (2019) 21: 72



1/anti-PDL-1 or anti-CTLA4), obesity was associated with a
~ 40% lower risk of death after adjusting for other prognostic
factors.

Interestingly, though obesity is associated with an in-
creased risk of many malignancies, this is not the first time
that paradoxical associations between obesity and improved
outcomes have been observed [32–34]. Mechanisms underly-
ing these associations remain controversial. Often, the surviv-
al advantage is limited to the overweight range (BMI 25–29.9)
where adiposity may be misclassified (i.e., excess weight may
be due to increased muscle mass rather than adipose tissue)
[35]. However, in melanoma a dose-response was observed
with the risk of progression or death decreasing with increas-
ing BMI through morbid obesity [31••]. Other potential expla-
nations for an obesity survival advantage are reverse causality
wherein patients with more aggressive disease have anteced-
ent weight loss and BMI category downward migration
whereas the obese have enhanced “metabolic reserve” to with-
stand the wasting effects of cancer or its treatment [36, 37].
However, underweight BMI in metastatic melanoma is quite
rare (< 2%), and the BMI distribution in these cohorts mir-
rored that of the US population with ~ 65% of patients over-
weight or obese [31••]. Most pointedly, the survival advantage
of obesity in melanoma was specific to immune and targeted
therapy which typically do not cause weight loss, and a BMI
association was not found in chemotherapy cohorts [38].

Prospective clinical trial data further allowed for adjust-
ment for multiple potential confounders, including conven-
tional prognostic factors, concomitant medications more com-
monly used by the obese that may have anti-cancer activity
(metformin, aspirin, statins, and beta-blockers), and examina-
tion of rates of adverse events and pharmacokinetics, none of
which appeared to underlie the observed associations [31••].

Interestingly, there was an interaction observed between
biological sex and BMI wherein the obesity advantage was
specific to males. Female sex is an established favorable prog-
nostic factor in melanoma [39, 40]. In this study, obesity
seemed to overcome the survival disadvantage associatedwith
the male sex, with obese males and females of any BMI al-
most twice as likely to be alive at 2 years as normal BMImales
(60–65% vs. 35%) [31••]. This sex–BMI interaction was val-
idated in a retrospective analysis of 139 metastatic melanoma
patients treated with checkpoint inhibitors, where strong asso-
ciations were again found between elevated BMI and im-
proved survival in males (adjusted HR for OS 0.11 95% CI
0.03–0.4 for males BMI 25–35 vs. < 25) [41].

This observation points to a potential hormonal mediator as
the levels of both androgens and estrogens are altered in obe-
sity due to adipocyte aromatase activity [42]. Melanoma does
not express classical estrogen receptors. However, the recent
discovery of a G protein-coupled estrogen receptor (GPER) in
melanoma whose activation leads to increased differentiation
[43, 44] may be the missing piece of the puzzle in explaining

both sexual dimorphism in melanoma and the obesity paradox
[45]. Alternatively, instead of effects on the tumor cells, hor-
mones or other sex-specific factors could directly impact im-
mune response, a reasonable alternative explanation given the
sexual dimorphism in immunity in other contexts such as au-
toimmune disease [46]. However, why the sex differences
would be consistent across stage and therapy and the obesity
advantage specific to targeted and immune therapy is unclear.

Sex differences in BMI associations could also bemediated
by differences in body composition (i.e., the relative amount
of muscle vs. adipose tissue at a given BMI), as was suggested
by an interaction between serum creatinine (a surrogate of
muscle mass), sex, and BMI [41]. Future investigations
should assess the association of direct body composition mea-
sures of adipose and muscle tissue mass with outcomes, with
preliminary data supporting a link between sarcopenia and
toxicity with immune checkpoint blockade [47].

Recent investigations suggest that the effects of obesity on
response to immunotherapy may not be disease-specific. In
two retrospective analyses of cohorts composed of multiple
solid tumor types treated with anti-PD-1/PDL-1 immunother-
apy in either Italy (n = 976) [48] or the USA (n = 250) [49••],
associations between higher BMI and improved outcomes
were again observed, with very similar 40–60% lower risk
of death or progression in those with higher BMI. Notably,
the Italian cohort was predominantly composed of patients
with non-small cell lung carcinoma (65%), a disease in which
cachexia is prevalent and obesity has previously been associ-
ated with improved outcomes [50]. Importantly, however, el-
evated BMI was not just associated with survival but also a
near doubling in response rate (BMI ≥ 25: ORR 41.2% vs.
BMI < 25: 20.9%, p < 0.0001), supporting a true biological
effect of obesity on treatment outcome.

This putative beneficial effect of obesity on response to
checkpoint inhibitors is counterintuitive given the literature
linking the chronic inflammatory state of obesity to an im-
paired adaptive immune response [20]. Indeed, in a recent
study in multiple species, obese subjects demonstrated sys-
temic T cell dysfunction characterized by higher checkpoint
expression (e.g., PD-1), reduced proliferation, and diminished
cytokine production, indicating the T cells were functionally
“exhausted” [49••]. Mechanistic studies implicated the
adipokine leptin, which is known to signal through the JAK-
STAT pathway, in upregulating T cell PD-1 expression.
However, while tumor growth was increased in untreated
obese mice with B16 melanoma, tumors in obese mice were
paradoxically more responsive to anti-PD-1 than those in their
lean counterparts with a higher relative increase in immune
infiltrate and a re-invigoration of T cells [49••]. This suggests
that checkpoint inhibition can overcome the obesity-induced
exhausted T cell phenotype and that obesity-induced immu-
nosuppression presents a key target that anti-PD-1 immuno-
therapy may overcome. However, this mechanism does not
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explain the survival advantage associated with obesity with
targeted therapy or the sex–BMI interaction observed in
melanoma.

Ultimately, there is probably not a singular mechanism un-
derlying the obesity/melanoma interaction, as human obesity is
a complex metabolic phenotype that likely has pleotropic and
potentially contradictory effects on tumor cell growth and im-
mune surveillance. These effects may vary based on tumor
stage, histology, molecular drivers, and treatment. Preclinical
models are unlikely to recapitulate this heterogeneous biology;
the interplay between obesity, diet, the microbiome, comorbid-
ities, and host variables such as genetics, age, and sex in pa-
tients will require integrative modeling of human tissue and
clinical variables.

Diet, the Microbiome, and Metabolism

The potential of using diet to influence outcomes in cancer is
of great interest to patients and their caregivers. They fre-
quently inquire about dietary guidance and are often frustrated
by a perceived lack of interest in the subject by their oncolo-
gists (who are in turn frustrated by a lack of robust interven-
tional data to guide recommendations). The role of diet on
cancer risk has been well-studied, with cohesive recommen-
dations from the American Cancer Society (ACS) and
American Institute of Cancer Research (AICR) supporting a
diet rich in vegetables and whole grains and low in red and
processed meat and refined carbohydrates [51]. However, in
melanoma specifically, there are very limited epidemiological
data linking diet to risk [52].

Preclinical mouse studies suggest that diet can impact tumor
growth and treatment response as well as immune function
[53]; however, though useful for isolating mechanism, mouse
chow manipulation cannot reflect the complexity of human
diet. Observational data in several malignancies supports that
the ACS/AICR-recommended diet for cancer prevention may
be associated with lower risk of cancer progression or recur-
rence and improved survival [54–57]. However, it is difficult to
fully disentangle the effects of diet from other lifestyle (obesity,
physical activity) and demographic (socioeconomic status) fac-
tors in an observational study. Short-term interventional studies
in humans have demonstrated that diet can impact key cancer-
related biomarkers (e.g., high-fiber diet decreases colonocyte
Ki67), providing an important proof of principle to this ap-
proach [58•, 59]. However, to date, we lack conclusive inter-
ventional data that a change in diet after a diagnosis of cancer
can significantly impact cancer recurrence and survival [54, 60,
61]. This is the goal of several ongoing studies.

Mounting evidence for a key role of the gut microbiome in
shaping response to immunotherapy has also directed new re-
search questions in nutrition, as diet is a key determinant of our
gut flora. The microbiome refers to the trillions of bacteria,

viruses, and other organisms that live on and in the body. The
mostwell-studied niche in relation to human health and disease is
that of the gastrointestinal tract, i.e., the gut microbiome. The bi-
directional interaction between the microbiome and the immune
system has been an area of active investigation [62]. The initial
work demonstrating that the microbiome may play a role in
response to immune checkpoint blockade came from preclinical
studies demonstrating differential response to therapy based on
native gut microbiome and proof-of-principle studies that
microbiome modulation can modify response to immunotherapy
[63, 64]. Subsequent studies demonstrated the relevance to
humans,with pro-immunotherapy-response gutmicrobiome pro-
files being described in multiple independent clinical cohorts
[65–69]. Importantly, several of these studies further used
germ-free mouse models to establish that responsiveness to im-
munotherapy was transferrable by fecal microbiota transplant
(FMT) from human patients who responded to checkpoint inhib-
itors [66, 67].

This work has prompted several planned or ongoing clini-
cal trials of microbiome modulation to enhance response to
immunotherapy using FMTor bacterial consortia [70•]. These
studies have also invigorated interest in how modifiable life-
style factors that shape the microbiome might influence biol-
ogy and outcomes in cancer, as the composition and diversity
of our microbial ecosystem is mostly shaped by environmen-
tal factors and exposures [71]. Diet is a major determinant of
the gut microbiome, and of particular interest is the observa-
tion that multiple cohorts have identified bacteria involved in
dietary fiber digestion as being associated with response to
immunotherapy [66–68]. These fiber-responsive bacteria pro-
duce short-chain fatty acids (SCFAs) which are the main nu-
trient source for intestinal epithelial cells, help maintain the
gut mucosal barrier, and influence both mucosal and systemic
immunity [72, 73]. Preliminary work by our group in an ob-
servational cohort of metastatic melanoma patients initiating
therapy has further suggested that high-baseline dietary fiber
intake correlates with a higher abundance of these favorable
bacteria and improved response to anti-PD-1-based immuno-
therapy [74, 75•]. However, causality and mechanism need to
be established. Importantly, interventional studies in other
populations have demonstrated that dietary change can rapidly
alter the gut microbiome, though this implies these changes in
the gut microbiome are also rapidly reversible if dietary
changes are not sustained [58•, 76].

Beyond the microbiome, emerging data also suggests that
diet may impact therapeutic response by altering the systemic
metabolic phenotype. For example, the PI3K pathway is a
commonly altered oncogenic signaling pathway, but its nor-
mal physiologic function is nutrient sensing and it is activated
by binding of insulin and IGF to their cell-surface receptors.
PI3K inhibitors, which are being tested as a treatment in mul-
tiple cancers, lead to disrupted glucose homeostasis and re-
flexive hyperinsulinemia, which can then reactivate the
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pathway and limit the efficacy of these compounds [77]. In
preclinical models, a ketogenic diet effectively suppressed in-
sulin feedback and potently synergized with PI3K inhibitors,
decreasing PI3K signaling and tumor growth [77]. Though
this approach was tested in multiple tumor models, data in
melanoma are not available. However, the PI3K pathway is
a key mediator of resistance to both targeted and immune
therapy in melanoma [30, 78], and thus, this would be a ratio-
nal combinatorial strategy to test. A previous preclinical study
suggested that the ketone body acetoacetate increased tumor
growth in BRAF-mutant (but not NRAS-mutant) melanoma
[79]. However, the diet used in the murine studies was not a
true ketogenic diet and did not cause elevations in beta-
hydroxybutyrate, the ketone body most commonly monitored
in ketogenic diet studies. While the effects of a true ketogenic
diet remain to be tested in melanoma, this study highlights
potential interactions between systemic metabolism, driver
mutations, and metabolic dependencies.

Ultimately, just as with drugs, there are multiple rational
targets for dietary interventions, and personalized strategies
will be biomarker dependent, with the added complexity that
host factors (microbiome, metabolic phenotype) will likely be
as important as the tumor targets (metabolic dependencies and
oncogenic drivers).

Exercise

Another key player in the host energy balance equation is
energy expenditure through physical activity and structured
exercise training. Though exercise has been a longstanding
component of therapy for many chronic conditions, only re-
cently has it gained traction as an adjunct therapy for cancer.
Exercise has been shown to be a safe intervention to improve
physical functioning, fatigue, and quality of life in patients
with cancer [80], and a growing body of evidence suggests
that exercise may also modify the tumor microenvironment
and cancer-related outcomes, though this has not been well-
studied in the context of targeted or immune therapy.

Observational studies suggest correlations between self-
reported physical activity and reduced risk and recurrence
across many cancer types [81–84]; however, within the con-
text of melanoma, data are mixed. A population-based study
of 1.44 million Americans and Europeans suggested that lei-
sure time physical activity is associated with a slightly higher
risk of melanoma [84] though other studies have found an
inverse relationship [25, 85]. These studies are likely con-
founded by sun exposure, complicating interpretation of these
data. To our knowledge, no clinical data are available on the
influence of post-diagnosis exercise on melanoma-related
outcomes.

In addition to modifying energy balance and associated
changes in body composition and BMI, exercise may directly

influence the tumor microenvironment. Exercise is routinely
incorporated into the care of patients with vascular disease
because it can improve the structure and function of blood
vessels. Tumor blood vessels are quite abnormal. Imbalances
in pro- and anti-angiogenic signaling in a growing tumor lead
to dysfunctional vessels characterized by dilatation, excessive
branching, and leakiness [86]. Poorly functional vasculature
causes tumor hypoxia which in turn enhances tumor invasive-
ness, promotes metastasis, and diminishes response to chemo-
therapy, targeted therapy, and radiotherapy [86–91].
Furthermore, hypoxia plays a key role in malignant transfor-
mation of melanocytes [92]. Once transformation occurs, rap-
id cell growth in a developing melanoma increases oxygen
demand, further promoting hypoxia, leading to HIF-1α-
driven angiogenesis and the development of poorly function-
ing tumor vasculature. Additionally, hypoxia signaling via
HIF-1α likely plays a causal role in melanoma metastasis
[93].

To date, there are no approved interventions to decrease
tumor hypoxia. Preclinical experiments suggest that exer-
cise may do just that. In tumor-bearing mice, exercise en-
hances blood vessel structure and function, improving tu-
mor perfusion and reducing hypoxia by as much as 50% in a
process known as vascular normalization [94•, 95, 96] and
slows tumor growth in a variety of preclinical cancer
models, including B16F10 melanoma [97••, 98•]. Vessel
normalization also has crucial implications for therapeutic
efficacy, with preclinical data from melanoma as well as
other malignancies demonstrating that improvements in
vascular structure, tumor oxygenation, and perfusion can
improve intra-tumoral drug concentration and responsive-
ness to therapy [86, 94, 96]. Improvements in vessel struc-
ture and function may also facilitate recruitment of immune
effector cells, because dysfunctional tumor vessels down-
regulate endothelial adhesion molecules critical for leuko-
cyte infiltration of the tumor [99].

Beyond vascular normalization, exercise may also directly
influence effectors of both the innate and adaptive immune
systems. In a murine model, exercise has been shown to in-
crease NK cell infiltration [97••], induce macrophage differ-
entiation to a M1 (anti-tumor) phenotype [100], and increase
macrophage cytolytic activity [101]. With respect to the ef-
fects of exercise on adaptive anti-tumor immunity, data are
scarce. Exercise intensity influences the magnitude of lym-
phocytosis and the distribution of Tcell subtypes [102], which
in turn influences the expression of IL-2 and interferon-γ re-
sponse to viral stimulation in healthy subjects [103]. Exercise
studies in healthy subjects demonstrate that lymphocyte con-
centration in the blood peaks during or immediately after ex-
ercise, and rapidly returns to baseline or even below, likely
reflecting redistribution into peripheral tissues [102]. Given
the pivotal roles of immune surveillance in melanoma control
and immunotherapy in the care of patients with melanoma,
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understanding how these pathways converge to influence anti-
tumor immunity is increasingly important.

Conclusion

Modifiable patient-level factors may provide a new avenue for
intervention for patients with advancedmelanoma. Here we have
reviewed the growing body of literature regarding the influence
of obesity, the microbiome, diet, and exercise on pathways of
tumor development, growth, progression, and response to
targeted and immune therapies. Obesity is associated with worse
prognosis in early-stage melanoma but significantly improved
outcomes in advanced melanoma patients treated with BRAF-
targeted or immune checkpoint inhibitor therapy. Men may ben-
efit from obesity more than women. Potential mechanisms in-
clude sex hormone effects on tumor and/or immune cells as well
as leptin immunosuppressive effects on T cells which may para-
doxically enhance responsiveness to anti-PD1 therapy. However,
at this time it remains unclear how the “obesity paradox” could
be exploited to improve outcomes.

The gut microbiome has recently been shown in several sem-
inal studies to play a role in response to immune checkpoint
blockade, and modulation of the gut microbiome to enhance
therapeutic response is being tested in multiple ongoing clinical
studies. As diet is a key determinant of the gut microbiome, there
is new interest in examining the diet/microbiome/immunity axis
in the context of immunotherapy. Diet may also modulate sys-
temic metabolism with downstream consequences on tumor
growth, metabolism, and immunity.

Observational data link exercise with reduced develop-
ment, progression, and recurrence of many cancers, though
data in melanoma are mixed. In preclinical models, exercise
has been shown to slowmelanoma tumor growth and improve
the structure and function of tumor blood vessels, thereby
decreasing tumor hypoxia and increasing delivery of anti-
tumor agents. Each of these modifiable factors shows promise
as a target for intervention to improve melanoma response to
therapy, but interventional studies are needed to prove causal-
ity. Further, to turn these observations into safe and effective
interventions for patients, we must understandmechanisms by
which they influence host and tumor biology and then system-
atically study rational combinations.
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