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ARTICLE INFO ABSTRACT

Keywords: Growing interest has emerged in the role of sex, as a biological variable that influences the immunopathogenesis
Melanoma of melanoma. Female patients exhibit significantly better disease outcomes compared to males, and antitumor
Immunopathogenesis immune responses and benefits of immunotherapy also differ between males and females. Preclinical and clinical
Tumor microenvironment . PR . . . . . .

Se studies suggest an association with a more immunogenic tumor microenvironment in women. However, the
Gender extent of sex-related differences in immune responses in melanoma remains unclear, highlighting the need for

further research. Sex hormones play a role in determining the nature of melanoma tumor microenvironment, as
estrogens and androgens have been shown to modulate immune responses, contributing to the differences
observed between males and females. The generally more reactive and efficient female immune system may
contribute to better antitumor responses. Conversely, males tend to have higher cancer incidence, potentially due
to inherent immune-cellular and molecular variations. This review summarizes key findings on the influence of
sex on melanoma in general, and more specifically on the melanoma tumor microenvironment and antitumor
immune responses, to provide a comprehensive understanding of how sex influences melanoma progression and
patients outcomes. Understanding these differences is crucial for developing more effective, personalized
treatment strategies for melanoma patients.

Antitumor immunity
Sex hormones

cancer, liver and urinary bladder cancer) reverberate in similar differ-
ence in mortality rates [4]. Increasing evidence has pointed to both
gender- and sex-specific differences regarding the incidence and the

1. Introduction

Pathophysiological differences between men and women may in-

fluence various diseases, including cancer [1]. In recent years, increased
awareness of the importance of sex and gender as key biological and
sociocultural variables has been highlighted, in 2016, by the National
Institute of Health to urge researchers to consider sex as a biological
variable in their experimental projects (SABV) [2]. Biological sex differs
from gender, which refers to behaviors and activities shaped by societal
or cultural norms in humans [3]. Gender roles, behaviors, and access to
healthcare can influence exposure to risk factors, diagnosis, and treat-
ment outcomes. This highlights the importance of considering gender in
alongside with biological sex in cancer research and clinical practice. A
large variety of cancers, including lung cancer, thyroid, colorectal and
esophageal cancer, and primary brain and central nervous system tu-
mors show marked differences in their prevalence according sex [4].
These epidemiological differences in most cases (lung, esophageal

prognosis (progression and survival) of melanoma [5]. In this narrative
review, we report key findings on the influence of biological sex on
antitumor immune responses and on the cellular populations within the
melanoma tumor microenvironment (TME).

1.1. Gender and sex differences: epidemiology and prognosis

Cutaneous melanoma (CM) is the most frequently diagnosed type of
skin cancer. In 2022, the estimated number of prevalent cases (1-year)
across both sexes was 136,248 (45.0 %) in Europe, 136,248 (45.0 %) in
North America, and 19,514 (6.4 %) in Asia, according to data reported
by the World Health Organization [6]. Epidemiological data show that
among younger adults, CM is more common in women, whereas among
older adults, it is more common in men [7]. These findings are consistent
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with those of Olsen et al., who reported that in eight different pop-
ulations, women exhibited higher rates of melanoma than men in early
life, whereas men had higher rates in later life across all countries
studied [8]. As report ed by American Cancer Society men are 2.5 times
more likely to develop melanoma than women within the same age
group [9]. However, women tend to receive melanoma diagnoses more
frequently than men before the age of 50 [10]. The reason for the dif-
ference is unclear, although it has been attributed to the higher preva-
lence of tanning activities among females [10]. Nevertheless, in general
men appear to be more affected by melanoma. Indeed, a recent analysis
in the American population estimated new cases of melanoma of the skin
showing sex-related differences, with males accounting for 58.79 % of
cases and females for 41.20 % [11]. The male-to-female incidence ratio
has increased over time in some countries, from 1982 to 2018, a trend
associated with a higher prevalence of head and neck melanoma, and to
a lesser extent, trunk melanomas in men compared to women [8,12].

Historically, melanoma was found to predominate in men on the
trunk and in women on the limbs, but recent years have witnessed an
increase in trunk melanoma among women [12]. Olsen et al., analyzing
long-term melanoma data from 1982 to 2018, observed higher rates of
trunk, head, and neck melanomas in males across most age groups, with
these rates increasing with age [12]. Conversely, females showed a
higher prevalence of lower limb melanomas up to middle age, with this
prevalence decreasing with advancing age [12]. Considering age, time
periods, and birth cohorts the same authors found that environmental
changes influenced by behavioral and cultural factors have caused sig-
nificant shifts in melanoma incidence over time, varying among
different genders [12]. However, despite the aforementioned changes in
overall incidence rates, age strongly influences sex differences in the
anatomical distribution of cutaneous melanoma [12]. In fact, besides
sun exposure, sex-specific factors influencing melanocytic proliferation
may contribute to these differences in melanoma distribution [8,12].
Indeed, sex differences in anatomical distribution appear to reflect the
sex-specific distribution of nevi observed in childhood and adolescence
[8,12]. However, it remains uncertain to what extent these differences
are due to different patterns of sun exposure versus inherent variations
in how melanocytes respond to sunlight between sexes. Melanoma
occurring on the trunk in men and on the lower limbs in women may be
primarily influenced by genetic factors and less by sun exposure, which
is more common in younger age groups [8]. In contrast, melanoma
localization on the head, neck, and upper limbs may be associated to
cumulative sun exposure, which tends to occur more frequently in older
age groups [8].

Therefore, biological sex and gender have become significant risk
factors in melanomagenesis, with men being at greater risk than women
[5]. These findings suggest a complex interplay between genetic and
environmental factors specific to each site, potentially contributing to
the observed age-, sex-, and gender-related mortality trends, as prog-
nosis is highly dependent on the location of melanoma [13,14].

Women generally appear to be linked to more favorable outcomes
across various cancer subtypes [15]. More specifically, research con-
ducted in Europe and the United States revealed that the advantage was
significantly more pronounced in melanoma compared to other tumors
[16]. This phenomenon was first reported in the late 1960s, in a cohort
of 106 females and 98 males CM patients, by the observation that mel-
anoma was more aggressive in men than in women [17].

A poorer prognosis of primary CM was associated with older age and
male gender. Younger patients typically experience a more favorable
prognosis compared to older patients, with the difference being partic-
ularly pronounced in women [18]. In 2024, the American Cancer Soci-
ety has estimated mortality rates for melanoma skin cancer highlighting
significant sex-specific differences. Males represent 65 % of deaths
compared to 34.5 % for females [11]. Some studies suggest that the
survival advantage for females may diminish with aging [19] and with
increasing metastatic tumor burden [20].

Furthermore, Lasithiotakis et al. reported that female gender was
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independently associated with extended disease-specific survival (DSS)
and survival after recurrence (SAR). In particular, women exhibited
significantly lower rates of recurrence compared to men, with female
gender being associated with higher rates of local and regional re-
currences and a decreased occurrence of distant metastasis [18].
Moreover, research based on melanoma cases from the Munich Cancer
Registry indicated that primary melanomas in females displayed a
reduced probability of metastasis onset [21]. Indeed, Joosse and col-
leagues [21], using data from the Munich Cancer Registry, found lower
dissemination and consequently lower metastases in lymph nodes and
distant sites in women.

Overall, these data suggest a prognostic value of biological sex,
indicating variations in the interaction between the tumor and the host
among men and women. However, it is important to note that women
often demonstrate more health-protective behaviors. This non-
biological factor can substantially impact the observed female-positive
trend [19]. According to some studies, although differences in lifestyle
and behavior may contribute to the delay and higher disease stage in
men at diagnosis, the survival advantage in females persists even when
accounting for these and other variables such as histological subtypes,
Breslow thickness, and body site [20,22]. Furthermore, although thicker
and ulcerated tumors are found more frequently in men, Joosse et al.
suggested that these factors alone do not fully explain the more unfa-
vorable prognosis observed in men compared to women [23]. In
contrast, Afshar et al., studying a population which included 5833
women and 6780 men aged 15-70 years, identified factors such as
tumor thickness and tumor site as contributors to the sex-related gap
survival. In this cohort men had lower survival rates compared to
women (Fig. 1), confirming previous results. Specifically, they found
that in 44 % of cases, the difference in survival between two sexes could
be attributed to tumor thickness, while in 20 % of cases, it was attrib-
utable to tumor site [24].

1.2. Sex hormones

Sex-differences associated with the greater advantage of female sex
in survival, are various. They include hormone levels (estrogens and
androgens), the immune system, autophagy, matrix metalloproteinase-
2, skin physiology, vitamin D, obesity, and reactive oxygen species
[1]. These factors collectively influence the progression and survival of
melanoma, contributing to sex disparities [16]. Furthermore, sex likely
impacts melanoma onset through a combination of genetic factors,
including DNA damage response, mutational burden, and genomic
instability [26].

Several studies have suggested that X-linked genes play a role in sex-
based differences in cancer outcome, including melanoma [16]. Sex
chromosomes have been implicated in sex-specific variation regarding
general disease susceptibility, immune responses, and disease progres-
sion [5]. Interestingly, while approximately 10 % of microRNAs in the
human genome are located on X chromosome, only about 2 % reside on
Y chromosome [27]. The miR-221&222 and the miR-506-514 cluster,
situated on the X chromosome, may potentially contribute to sex dif-
ferences, in progression of melanoma and transformation of melanocyte
[28], although their specific roles have yet to be fully elucidated.

Although melanoma is traditionally considered a non-hormone-
dependent tumor, growing evidence suggests a direct correlation be-
tween estrogen and melanoma growth and progression [29,30].

Estrogen signaling has been shown to inhibit melanocyte prolifera-
tion, enhance differentiation, and suppress melanoma development in
experimental models (Fig. 2) [31,32]. An association between estrogen
levels, estrogen receptor expression in melanoma, and survival in
women has been proposed [33]. However, conflicting results regarding
the association between circulating estrogen levels and the initiation
and progression of melanoma have been reported [32,34], probably due
difficult-to-control oscillations of estrogen levels during the menstrual
cycle, onset of menopause, use of oral contraceptives, and hormone
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Fig. 1. Melanoma of the skin. Recent trends in SEER Relative Survival Rates, 2000-2021 by Sex, 5-year Relative Survival, all races / ethnicities, all ages, all stages.
Modified by GraphPad from SEER*Explorer: An interactive website for SEER cancer statistics [Internet]. Surveillance Research Program, National Cancer Institute;
2024 Apr 17. [updated: 2024 Jun 27; cited 2024 Jun 28]. Available from: https://seer.cancer.gov/statistics-network/explorer/. Data source(s): SEER Incidence Data,
November 2023 Submission (1975-2021), SEER 22 registries (excluding Illinois and Massachusetts). Expected Survival Life Tables by Socio-Economic Stan-

dards [25].

replacement therapy [35].

Estrogen receptors (ERs) exert contrasting effects on tumor prolif-
eration. Some studies suggest that cutaneous ER are higher in women
than in men [36,37], and downregulation of this receptor seems to
worsen disease progression [38]. ERa has a tumor-inducing effect and
plays a role in estrogen-mediated proliferation whereas ERp has an
antiproliferative effect [39] and pro-apoptotic effects (Fig. 2). ERa is the
primary ER in human skin, while ER is the dominant receptor in mel-
anocytic lesions. The expression of ERf decreases as melanoma pro-
gresses, supporting its role as a tumor suppressor [40,41]. Notably, ERp
expression levels are lower in men than in women in both melanoma and
healthy tissues, as indicated by data obtained from comparisons with
adjacent healthy skin [37]. This finding aligns with sex differences
observed in melanoma patient survival [21,37], and led to the proposal
that malignant transformation is promoted by an upregulation of ERa
and a downregulation of ERp [5]. ERp expression has been shown to be
inversely correlated with Breslow thickness, a fundamental predictive
marker in melanoma [42]. On the other hand, immunohistochemical
analyses have shown that ERf is present in melanocytic nevi and ma-
lignant melanoma cells, while ERa is not [41,43]. Of note, age can in-
fluence changes in the immune landscape mediated by hormonal
factors. Research on how biological aging differs between sexes has only
recently started to appear. Variation in sex hormones linked to sexual
maturity represents an interesting variable in this context [5].

In females, investigations on the link between reproductive factors,
exogenous hormone use and melanoma incidence have shown that an
earlier age at menarche and a later age at menopause are associated with
an increased risk of melanoma. This supports the hypothesis that es-
trogen exposure in childhood may contribute to photocarcinogenic ef-
fects [44]. However, the same study found that exogenous estrogen use,
as well as parity and age at first live birth, were not associated with an
increased risk of melanoma [44]. Similarly, a population-based retro-
spective study of Yuk and colleagues reported no significant influence of
hormone replacement therapy (HRT) on melanoma incidence in
menopausal women [45]. Indeed, there is limited evidence available to
assess a causal relationship between oral contraception, hormone ther-
apy, and melanoma incidence [46].

The different hormonal signaling pathways present in men and
women contribute to the development of specific TME in the two sexes.
Consequently, another potential source of sexual dimorphism in CM is
the TME.

1.3. Melanoma TME

Within the TME a complex ecosystem characterized by reciprocal

cell-cell interaction may orchestrate the development of new pheno-
types [47]. Sex differences observed in both cancer cells and compo-
nents of the TME arise from to the interplay of a large variety of factors,
which include endogenous sexual hormones [48,49], sex chromosomes
[50,51], genetic factors [52,53], epigenetic modifications [50,54], and
lifestyles [48,55,56].

On the other hand, TME composition is influenced by the interaction
between tumor-related and host-related factors. Specifically, the dif-
ferential regulation of gene circuits influenced by sex hormones leads to
different interactions between tumor and host factors, leading to a sex-
dependent evolution of the tumor [57]. TME components may affect
cancer cell activity via genetically regulated programs, such as apoptosis
or autophagy, that the cell deploys under stressful circumstances.
Although the role of autophagy in tumor growth remains unclear, the
impact of estrogen on autophagy regulation appears crucial for the
initiation and advancement of various cancer types [58]. TME compo-
nents appear as potential targets for personalized approaches in cancer
therapy [47,59,60]. By examining how sex can influence TME and the
ensuing progression of melanoma tumors, new sex-based biomarkers
may support stratification of melanoma patients for a more personalized
precision medicine.

1.4. Cancer associated fibroblast and sexual dimorphism in melanoma

The stroma supporting CM comprises fibroblasts, endothelial cells,
immune cells, soluble molecules, and the extracellular matrix (ECM)
[74]. Among these, fibroblasts are the most abundant stromal cells. They
interact with other cells of the TME by producing several mediators,
including growth factors and ECM components. During CM develop-
ment, healthy fibroblasts undergo a phenotype transformation to can-
cer-associated fibroblasts (CAFs) [75]. CAFs play a crucial role in
tumorigenesis [47], supporting tumor growth and facilitating the
dissemination of metastases [76]. Furthermore, CAFs promote angio-
genesis [77], and regulate the immune infiltration [78,79] by remod-
eling the ECM [47,80].

Although sex hormones, such as estrogens and androgens, have been
proposed to control CAF role in tumorigenesis and tumor growth [81,
82], thus differently influencing tumor development in men and women,
the role of sex hormone-dependent CAF in tumor progression remains
unclear. Regarding the role of estrogens and androgens in
cancer-associated fibroblasts (CAFs), conflicting results have been re-
ported in different types of cancer [83]. The variable preclinical or
clinical results on the androgen receptors (ARs) role can be attributed to
the different species and experimental settings. Most preclinical studies
have indicated that the level of AR expression by CAFs correlates with
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Fig. 2. The influence of sex hormones on immune cell functions and tumor responses. This figure illustrates the complex roles of sex hormones in tumor biology,
emphasizing estrogen and androgen signaling. Estrogen Signaling: ERa promotes tumor growth and cell proliferation, while ERB has antiproliferative and pro-
apoptotic effects [39]. Estrogen signaling inhibits melanocyte proliferation, enhances differentiation, and suppresses melanoma development in experimental
models [31,32]. They act as immune stimulators, affecting macrophages, and B cells, and promote anti-tumoral properties in DCs [61,62]. In females, estrogen and
progesterone enhance type-2 humoral responses while repressing type-1 cell-mediated responses (CD8+ T cells) [62]. Estrogens modulate Treg function [63] and
enhance IFNy secretion by upregulating the Th-1 transcription factor, T-bet [64,65]. E2/ERa signaling enhances endothelial cell proliferation and migration [66,67]
and drives macrophages toward an immune-suppressive state within the melanoma TME [68]. Androgen Signaling: testosterone generally has immunosuppressive
effects, with inconsistent patterns for type-1 responses and suppression of type-2 responses [62]. Androgens favor the development of immunoregulatory DCs [61]. In
preclinical models, castration or androgen inhibition increases tumor burden and alters peripheral neutrophil levels [69]. AR downregulation or pharmacological
inhibition reduces melanoma development and increases infiltration of macrophages and cytotoxic T cells [35]. Impaired AR function activates the STING proin-
flammatory signaling cascade, which is crucial for immune cells infiltration into tumors [70-72]. AR downregulation in fibroblasts promotes early CAF activation
[73]. Overall, estrogen signaling tends to enhance immune responses and suppress tumor growth, while androgen signaling has complex and context-dependent
effects on immune regulation and tumor progression.

Peripheral
Neutrophilis

the pro-tumoral activity, favoring tumor progression, metastasis spread,
and resistance to therapy [1]. In an in vitro model with human cells,
Clocchiatti et al., (2018) found a downmodulation of AR expression in
human dermal fibroblasts as well as in CAFs (Table 1) derived from the
three major skin cancer types: squamous cell carcinomas (SCC), basal
cell carcinomas (BCC) and melanomas underlies premalignant skin
cancer lesions (actinic keratoses and dysplastic nevi) [73]. Furthermore,

downregulation of the AR receptor in human dermal fibroblasts was
shown to promote the initial steps of CAFs activation (Fig. 2), thereby
enhancing the tumorigenicity of SCC cells and melanoma cells in an
orthotopic skin cancer model [73]. Additionally, it was demonstrated
that restoring AR levels blocked the tumor promoting effects of CAFs on
adjacent cancer cells [73]. The results of this study are not sufficient to
demonstrate that androgen signaling causes sex-specific differences but
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Table 1
Key findings on sex and sexual hormones related differences in major cell types
of the TME in melanoma.

Cell type Main findings Ref.

CAFs Downregulation of AR promotes CAFs activation in an [73]
in vitro model
Aged fibroblasts increase AXL expression, promoting [84]
metastasis in aged male mice

Neutrophils The absence of testosterone signaling leads to an [69,
immature, pro-tumoral phenotype of neutrophils in 116]
preclinical model

CD4+/CD8+ Higher levels of CD4+ helper and CD8+ cytotoxic T [5]

cells lymphocytes, and a lower CD4/CD8 lymphocyte ratio

in both blood and tumors in female mice compared to
male mice
Higher level of CD8+ in males, and CD4+ in females [3]
in humans

Treg cells Lower frequency of Treg infiltration in female tumors  [3,61]
in both preclinical and clinical studies
Treg function is modulated by both B7-H1 and [63]

estrogens in preclinical model. Enhanced antitumor
immunity is observed in B7-H1 -/- female mice
compared to male mice, which can be attributed to
reduced Treg functionality
DCs Reduced infiltration and functionality of tolerogenic [61]
FOXO03-expressing DCs in females compared to males
in vivo
The Estrogen/ERa axis promotes immune-suppressive [68]
macrophage polarization in the melanoma TME in
preclinical model
AR downregulation increases macrophage infiltration |-
into tumors

Macrophages

w
9]

they highlight its importance in both sexes. In this context, it is crucial to
further investigate sex-specific differences in the formation of CAFs and
their role in melanoma, given their significant role in tumorigenesis. On
the other hand, a recent study revealed that dermal fibroblasts undergo
sex-specific changes with aging, which in turn differentially affect
melanoma cells. Specifically, aged male fibroblasts promote metastasis
in older male mice by increasing AXL expression [84]. Additionally,
aging in male fibroblasts, driven by a decline in EZH2 which led to an
increase in BMP2 secretion, fosters a highly invasive melanoma cell
phenotype, characteristic of the aging male TME [84].

1.5. Neoangiogenesis and sexual dimorphism in melanoma

The formation of new blood vessels (neoangiogenesis) supplying
cancer tissue is a complex process which requires several factors and cell
types, besides cancer cells, such as fibroblasts, immune cells, and
endothelial cells [85]. Although in CM tumorigenesis, especially when
TME become hypoxic, this process plays a major role, to date, a limited
number of studies have specifically investigated the impact of sex on
tumor angiogenesis in melanoma [86].

In an in vitro study E2 (17-B-estradiol) or Era signaling in endothelial
cells from female donors produce proliferation and migration properties
superior to male endothelial cells (Fig. 2) [66,67]. Endothelial cells
isolate from the vein of the umbilical cord (HUVECs) of male newborns
produce more H202, thereby increasing the cellular oxidative stress [66,
67]. The known reduced activity of that antioxidant enzymes in males,
might be responsible for the higher levels of oxidative stress compared to
females [34]. Oxidative stress is associated with cell autophagy [66,671,
and endothelial cell autophagy plays a crucial role in modulating
vascular biology and functions, including survival in response to meta-
bolic stressors, maintaining redox homeostasis, and regulating vessel
permeability.

In tumoral context, autophagy has been shown to promote angio-
genesis and tumor growth [87]. The use of ERa antagonists, such as
tamoxifen and 1-methyl-4-phenylpyridinium (MPP), reduces the syn-
thesis of VEGF-A and FGF-2, tumor volume, and angiogenesis in female
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but not in male mice [88]. VEGF-A and FGF-2 are growth factors
implicated in cell proliferation by binding to their receptor expressed on
the surface of endothelial cells [89,90]. E2 promotes the growth of
ER-negative melanoma tumors in vivo, by increasing VEGF-A synthesis,
promoting and normalizing tumor angiogenesis, thereby favoring blood
supply to prevent tumor hypoxia and necrosis [88]. This process relies
on the expression of ERa by stromal endothelial cells.

1.6. Immunity and sexual dimorphism in melanoma

It is well-established that TME significantly influences the develop-
ment and progression of CM [91]. Both sex and gender could influence
the immune response [3]. Sex differences in the immune system,
resulting from sex hormones activities and different genetic back-
grounds between the two sexes, affect both innate and adaptive immu-
nity [3]. Female immune system predominantly features
tumor-associated antigen-specific T cells (TAA-T), B cells, and
antigen-presenting dendritic cells (DCs), while male immune system is
characterized by natural killer (NK) cells and regulatory T cells [3]
(Fig. 3). Recent research highlights sex-specific differences in immune
system regulation [57], with the female immune system that exhibits
greater reactivity and efficiency compared to its male counterpart [92,
93]. Women generally exhibit enhanced immunity against various in-
fectious agents, and an incidence of autoimmune diseases higher than
men [57]. Accordingly, cancer incidence may differ between females
and males not only because of genetic, epigenetic and environmental
factors, but also because of the different cellular and molecular immune
responses between the two sexes [94]. Sex chromosomes, whether X or
Y, have several genes encoding proteins crucial for immune function.
The X chromosome is rich in genes that play crucial roles in immune
regulation, significantly affecting sex differences in immune-related
diseases. Notable genes include Toll-like receptor 7 (TLR7), various
cytokine receptors such as interleukin-2 receptor subunit gamma
(IL2RG) and interleukin 13 receptor subunit alpha 2 (IL13RA2), and
transcription factors like Forkhead Box P3 (FOXP3) [95,96]. Further-
more, the X chromosome harbors approximately 10 % of the human
miRNA repertoire, including miRNA-18 and miRNA-19, which may in-
fluence immune responses [27]. Due to incomplete X inactivation, fe-
males may express higher levels of these miRNAs, which could
contribute to the observed sex differences in disease susceptibility [3].

Hormonal receptors such as ER, AR, and progesterone receptor (PR)
are present in various immune cells [97,98], influencing both innate and
adaptive immune responses [99,100]. Specifically, ERs and AR are
expressed in both T and B lymphocyte populations [101,102] where
they regulate estrogenic and androgenic signaling pathways. Testos-
terone tends to exert immunosuppressive effects, whereas estrogens are
generally regarded as immunoboosting (Fig. 2) [62]. However, it should
be underlined that the role of AR signaling in melanoma remains poorly
understood [35]. The binding of androgens with their receptor results in
immunosuppressive response in various cell types including macro-
phages, neutrophils, B cells and T cells [103]. Conversely, estrogens
have been identified as immune stimulators, particularly on dendritic
cells, macrophages, and B cells [62] (Fig. 2). Therefore, androgens seem
to counteract the action on immune and protective role of estrogens
[100,104].

Downregulation or pharmacological inhibition of AR decreased the
development of melanoma (Fig. 2), resulting in increased infiltration of
macrophages and cytotoxic T cells into the intratumoral compartment
(Table 1) [35]. The STING (stimulator of interferon genes) proin-
flammatory signaling cascade is activated when AR function is impaired
(Fig. 2), which is essential for enabling immune cell infiltration within
the tumors [70-72]. This mechanism enhances the immune system
ability to recognize and eliminate cancer cells, potentially benefiting a
significant proportion of melanoma patients [108]. Enhancing the
response to immune checkpoint inhibitors (ICI) could be achieved by
inhibiting the AR, especially in tumors categorized as
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Fig. 3. Sex-specific differences in immune cell populations involved in melanoma. Fig. 3 illustrates the predominant immune cell populations observed at higher
frequencies in males (i.e., CD8+, Treg, NK cells) [3], and endothelial cells [105] on the left. The latter contributes to neoangiogenesis through the release of VEGF-A.
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different populations influence the antitumor response, with females displaying a more efficient antitumoral immune response and males showing an impairment in
antitumor immune response and an angiogenic phenotype. NK: natural killer; TAA: tumor-associated antigen; DCs: dendritic cells.

"immune-excluded" or "immune desert" [109,110]. This approach may
exploit sex hormone differences to improve treatment outcomes [111].

Regarding estrogen signaling, a robust immunoreactivity of ERp
(with weak ERa) has been reported in melanocytic lesions located in the
epidermis, papillary dermis, and periphery of dermal aggregates [43].
Conversely, a marked reduction in immunoreactivity was found in
nodules located deeper in the dermis [43]. IFN-transcription and
secretion can be boosted by estrogens, resulting in the promotion and
expansion of T-cell populations and responses (Fig. 2) [3,97]. The
Estrogen/ERa axis has been identified as a key driver to pushing mac-
rophages toward an immune-suppressive state within the melanoma
TME (Fig. 2; Table 1) [68]. The ER status, which controls the infiltration
of lymphocytes, is considered a predictive marker of cancer survival and
clinical outcome. Estrogens are hypothesized as major players in the sex
disparity in melanoma [112]. Taken together, these data show that sex
steroids are potent regulators of immune response contributing to dis-
ease onset and progression of diseases in melanoma [1]. Despite the
effects of sex hormones on immune response, it is still not clear whether
these effects are subject to sex-specific biases, as androgens, like estro-
gens, are expressed in both sexes. For instance, one study has reported a
negative correlation between AR activity and immune infiltration in
both men and women, with sex-specific differences depending on tumor
type [113]. In melanoma, AR levels appear similar in both sexes [114].
In this context, a study has identified that the origin of sexual dimor-
phism may lie in the intersection between the non-canonical transcrip-
tional repertoire of AR and oncogenic protein fucosylation, which
facilitates melanoma invasiveness potentially during both early-stage

establishment  and  late-stage  metastatic = progression  in
androgen-responsive melanomas [114]. Moreover, in a recent paper it
was found that global tumor fucosylation is significantly lower in male
compared to female melanoma patients, suggesting a sex-associated
divergence in fucosylation-regulated melanoma biology [115]. Liu and
colleagues outline a mechanism that seems to explain how androgen
signaling/AR shapes melanoma malignancy, enhancing invasive and
metastatic capacity by inducing tumorigenic fucosylation, thus
contributing to the male bias in melanoma.

Consequently, it is crucial to further study the impact of sex hor-
mones and if and how they influence a sex-correlated immune response
in melanoma. This may involve more than just considering receptor or
hormonal expression levels, implicating complex mechanisms and
intersection with other factors.

1.7. Neutrophils

Although the main function of neutrophils is to identify and by
phagocytosis destroy foreign and harmful microorganisms, their role in
cancer has been investigated also in the context of sex differences. AR
are identically expressed in female and male neutrophils [103]. The
protective effect of androgens against tumor and metastasis develop-
ment has been linked to the direct or indirect actions in neutrophils. In
metastatic mouse models, the crucial role of testosterone signaling in
neutrophils has been demonstrated [69]. Specifically, when AR
signaling is absent in the bone marrow, neutrophils maintain an
immature phenotype which is associated with a pro-tumoral profile
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(Table 1) [116]. Mice deficient in AR exhibit neutropenia, confirming
the importance of the hormonal environment in the differentiation,
maturation, and proliferation of neutrophils [117,118]. In preclinical
models, castration or androgen inhibition has been shown to increase
tumor burden in melanoma. Castration of male mice resulted in a
decrease in the percentage of peripheral neutrophils (Fig. 2; Table 1),
which was restored upon administration of testosterone. Neutrophil
depletion decreased activation of NK cells and increased tumor burden
[69]. In this context, it is crucial to further investigate whether the
androgen/AR pathway leads to sex-specific differences in melanoma,
particularly in relation to neutrophil maturation. On the other hand, a
study in the murine melanoma cell line B16F10 revealed a
sex-dependent dimorphism of liver metastasis (LM), linked to an
enhanced accumulation and function of pro-metastatic neutrophils in
the liver, mediated by androgen/AR signaling [119]. This mechanism
could contribute to the male-biased sexual dimorphism in LM observed
in human populations. The signaling pathway specifically increased
neutrophil production by promoting the proliferation and development
of neutrophil precursors in the bone marrow [119].

1.8. Lymphocytes

1.8.1. CD4+ and CD8+ cells and different ratio between female and male

The crucial role played by T lymphocytes in melanoma is supported
by large and robust evidence. Specifically, T helper cells are pivotal in
defending against malignant tumor, through recruiting and activating
antigen-specific effector cells [120]. CD4+ cells are essential in the
initial stages of T-cell mediated responses, while CD8+ cells become
critical during the effector stage. During these responses, cytokines such
as IFNy and interleukin-2 (IL-2), which play crucial roles in anti-tumor
immunity, are released [121]. CD4 and CD8 are also key because they
orchestrate the adaptive immune response, a primary line of defense
against melanoma [5]. The ability of CD8+ T cells to recognize antigens
that deviate from normal cells in abundance or molecular structure al-
lows them to eliminate malignant cells with remarkable efficacy [122].

It is now well recognized the existence of a sex-dependent disparity
in the adaptive immune response, contributing to differences in tumor
progression between males and females. The more efficient female im-
mune system has a particularly evident function in the context of mel-
anoma [3]. Additionally, significant sex differences in CD8+ T
cell-mediated anti-tumor immunity have been reported [122]. In this
context, sexual hormones influence T-cell mediated responses. Exoge-
nous estrogen has been shown to enhance the expansion of regulatory T
cell populations in vivo in a mouse model [123]. In addition, estrogens
enhance IFNy secretion by increasing its transcription or upregulating
the Th-1 transcription factor, T-bet, which promotes T cell responses and
cell-mediated immunity [64,65] (Fig. 2). Furthermore, female mice
produce higher levels of IFNy by helper T cells in response to parasitic
infections, compared to male mice [124]. Even in humans, females
produce higher levels of IFNy upon stimulation of naive CD4+ T cells
compared to males [106]. However, other findings suggest that estro-
gens can inhibit Thl-mediated proinflammatory cytokine secretion.
Despite this, female melanoma patients were found to have higher fre-
quencies of tumor-specific-antigen Th1 cell compared to males [107]. In
females, estrogen and progesterone enhanced type-2 humoral response
and repressed cell mediated type-1 response (CD8+ T cells), whereas
testosterone suppressed type-2 response and showed an inconsistent
pattern for type-1 response (Fig. 2) [62]. Thus, preclinical and clinical
evidence suggests a qualitative and quantitative difference in the
composition of the TME between males and females.

Using a syngeneic B16-F10/BL6 melanoma mouse model, Dakup and
colleagues (2020) explored the impact of biological sex on melanoma
progression. They found that female mice exhibited higher levels of
CD4+ helper and CD8+ cytotoxic T lymphocytes along with a lower
CD4/CD8 lymphocyte ratio in both blood and tumors compared to male
mice (Table 1). Female mice also demonstrated a higher infiltration rate
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of CD8+ T cells, which correlated inversely with tumor volumes, leading
to decreased tumor progression [125]. A lower CD4/CD8 T cell ratio was
associated with a positive prognosis of tumor progression and favorable
survival outcomes. These findings suggest that the adaptive T cell
response to melanoma is heightened in female mice compared to male
mice, corresponding to sex differences in tumor growth. However, a
recent brief report indicated that in the BrafCA; Tyr-CreERT2; Ptenf/f
mouse model, melanoma developed more rapidly in female mice than in
male mice, both in terms of initiation and progression [126]. Addi-
tionally, Thompson et al. (2017) found that in a model mice of mela-
noma tumors grew slower in males compared to females [61]. These
discrepancies between female and male mice suggest that sex-specific
signaling and/or mechanisms could play a significant role in the
development of melanoma [126].

In humans, females were reported to have a higher CD4+ T cell
population and a higher CD4/CD8 ratio than males, whereas a higher
CD8+ T cell population was found in males (Table 1) [3]. A higher
frequency of CD4+ tumor associated antigen-specific T cell (TAA) cell
was found in female patients compared to their male counterpart (Fig. 3)
[107]. Additionally, the composition of immune cells was found to vary
significantly across different tumor types in relation to sex. Considering
T-cell population, the relative abundance of activated CD4+T-cells was
found in women with lung squamous cell carcinoma (LUSC), pancreatic
adenocarcinoma, esophageal carcinoma (ESCA), and stomach adeno-
carcinoma (STAD). Conversely, the relative abundance was higher in
men with kidney renal clear cell carcinoma (KIRC), adrenocortical car-
cinoma (ACC), pheochromocytoma and paraganglioma (PCPG) and skin
cutaneous melanoma [127]. Sex-related differences in tumor-infiltrating
lymphocytes (TIL) were not observed in a retrospective study involving
over 14,000 patients [128].

1.8.2. TReg lymphocytes

Treg cells, by promoting immune self-tolerance and inhibiting tumor
immune surveillance, have a fundamental role in tumor immunopa-
thogenesis [129-131], and their function in cancer may exhibit sex
differences. In both healthy and chronically inflammatory conditions,
females consistently exhibit lower and less potent Treg cells population
[132,133]. Regulatory T cells are a therapeutic target of ICIs, given their
high expression of immune-inhibitory receptors such as CTLA-4 and
PD-1. Studies in mice investigating sex disparity in Treg cells reveal
conflicting findings regarding their organ-specific frequencies across
various diseases, whereas human studies indicate higher counts of Treg
cells in healthy adult males compared to females [132]. In mice, a lower
frequency of Treg infiltration in female tumors has been reported
(Table 1) [61]. Additionally, in a murine model (murine melanoma
B16), differences in antitumor immunity and response to immunother-
apies have been observed depending on both sex and B7-H1 expression
[63]. Treg function, mediated by B7-H1, is modulated by estrogens
(Fig. 2; Table 1). B7-H1 (PD-L1) is a co-signaling molecule expressed
widely by immune cells [134].

Evidence suggests that B7-H1 inhibits antitumor immunity, thereby
contributing to immune evasion [130,135] and plays a significant role in
regulating Treg function. A study highlighted that female mice lacking
B7-H1 (B7-H1 -/-) exhibited enhanced antitumor immunity due to
reduced functionality of Tregs compared to male mice (Table 1) [63].
Moreover, after B7-H1 blockade, the response to immunotherapies in
wild-type (WT) female mice was more effective than in WT male mice.
The sexually dimorphic response to B7-H1 blockade underscores that
the enhanced efficacy of anti-B7-H1 therapy in reducing Treg function in
WT females may underly the role of B7-H1 signals in sex-based differ-
ences of antitumor immunity. Notably, the lower B7-H1 expression
levels in WT female mice as compared to WT males, were not associated
with alteration in Treg suppression in the presence of estrogen in vitro
[63]. Conversely, Treg cell suppression in B7-H1 -/- female mice,
exhibited sensitivity to estrogen in vitro, leading to reduced Treg sup-
pression [63]. This observation implies that these effects occur before
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the final differentiation of Tregs. Li and colleagues [63] illustrated that
these phenomena do not rely on PD-L or CD80 binding, proposing a
novel mechanism in the B7-H1 signaling pathway, concluding that
depleting Tregs via B7-H1 blockade could provide greater advantages in
females, particularly when combined with an E2 agonist as part of
antitumor immunotherapy [63].

1.9. Dendritic cells

Dendritic cells (DCs) are a subset of antigen-presenting cells crucial
for immune responses. Hormone signaling significantly impacts the
development of these cells [136]. In melanoma TME DCs are responsible
for regulating T cell activity and contributing to immune infiltration
which is a measure of immune-therapy response [137]. According to
Thompson et al., (2017) the effectiveness of antitumor immunity may
not solely depend on the overall quantity of dendritic cells within TME,
but rather on whether these cells exhibit an immune-activating or
immune-tolerizing phenotype. Estrogens can also indirectly influence
the responses of dendritic cells. In female mice engrafted with mela-
noma and breast tumors, there is reduced infiltration of tolerogenic
transcription factor FOXO3-expressing DCs which are also less func-
tional compared to their counterparts in male mice (Table 1). The
FOXO3 plays a critical role in DCs tolerance and immunosuppression
[61]. Interestingly, it has been observed that FOXO3 regulates the
expression of the AR specifically in males by binding to its promoter
region. This interaction triggers a positive feedback loop that promotes
the polarization of DCs into a tolerogenic phenotype [61]. Overall, this
implies that androgen favors immunoregulatory DCs while estrogens
favor DCs anti-tumoral properties, which can be advantageous for fe-
male cancer survival rates (Fig. 2). Recent studies have shown signifi-
cant differences in melanoma tumor growth between male and female
mice, correlating with variations in the infiltration of specific immune
cell populations such as DCs and T cells [61].

2. Conclusions

The TME and its components may be influenced by sex, making them
important general biomarkers for cancer therapy and precision medi-
cine. Despite the increasing number of studies considering biological sex
in melanoma research and TME studies, there are some limitations in the
above mentioned studies.

The study by Dakup and colleagues (2020) presents a potential
confounding factor, indeed the endocrine system and particularly sex
steroids can affect immune responses by binding to hormone receptors
expressed on immune cells [125]. Similarly, in the study conducted by
Zhai, a potential bias could be the use of tamoxifen for the induction of
melanoma, indeed tamoxifen is a selective estrogen receptor modulator
and may exert differential effects in male and female mice [126].

Although there are data on the role of sex hormones and their re-
ceptors within the TME, these findings do not consistently translate into
clear sex-specific effects. Therefore, further studies are needed to
explore whether sex hormone pathways differ between two sexes,
despite their expression in both sexes, and to determine whether the
differences observed between the two sexes are independent of hor-
monal signaling. Is AR activity increased in melanoma, given its
immunosuppressive action? If so, are there differences between sexes?

Understanding these differences could reveal how they contribute to
the development of distinct TMEs and influence tumor progression.
Given the limited evidence regarding the relationship between oral
contraception, hormone therapy, and melanoma incidence [46], it is of
the utmost importance to elucidate the role of these factors in melanoma
development and to inform preventive strategies. Furthermore, there is
a lack of data on how these factors might influence the composition of
the TME.

These findings suggest that the immune system could be a major
factor contributing to sex differences observed in melanoma, with
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females exhibiting greater antitumor immune activity compared to
males. However, the mechanisms underlying sex disparities in mela-
noma remain mostly unclear and, further investigation is necessary to
characterize circulating and tumor-infiltrating T cells [125] and to
elucidate the mechanisms underlying sex differences in the initiation,
progression, and survival or mortality rates among melanoma patients
[5].

Fundings

This work was funded by the Associazione Italiana per la Ricerca sul
Cancro - AIRC “Programma di ricerca 5 per Mille 2018" ID#21073.”

CRediT authorship contribution statement

Filippo Ugolini: Writing — original draft, Methodology, Investiga-
tion. Selene Attorre: Writing — original draft, Methodology, Investiga-
tion. Daniela Massi: Writing — review & editing, Supervision, Funding
acquisition, Conceptualization. Maria Grazia Giovannini: Writing —
review & editing, Supervision. Daniele Lana: Writing — original draft,
Methodology.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

D.L. current position is supported by #NEXTGENERATIONEU
(NGEU) and funded by the Ministry of University and Research (MUR),
National Recovery and Resilience Plan (NRRP), project MNESYS
(PE0000006) (DR. 1553 11.10.2022).

Authors’ contributions

All authors critically reviewed the manuscript, agreed to be fully
accountable for ensuring the integrity and accuracy of the work, and
read and approved the final manuscript.

References

[1] V. Wuidar, L. Gillot, I. Dias Da Silva, A. Lebeau, A. Gallez, C. Pequeux, Sex-based
differences in the tumor microenvironment, Adv. Exp. Med. Biol. vol. 1329
(2021), https://doi.org/10.1007/978-3-030-73119-9_23.

[2] M.E. Arnegard, L.A. Whitten, C. Hunter, J.A. Clayton, Sex as a biological variable:
a 5-year progress report and call to action, J. Women’s. Health 29 (2020),
https://doi.org/10.1089/jwh.2019.8247.

[3] S.L. Klein, K.L. Flanagan, Sex differences in immune responses, Nat. Rev.
Immunol. 16 (2016) 626-638, https://doi.org/10.1038/nri.2016.90.

[4] Y. Zhu, X. Shao, X. Wang, L. Liu, H. Liang, Sex disparities in cancer, Cancer Lett.
466 (2019) 35-38, https://doi.org/10.1016/j.canlet.2019.08.017.

[5] P.P.Dakup, A.J. Greer, S. Gaddameedhi, Let’s talk about sex: a biological variable
in immune response against melanoma, Pigment Cell Melanoma Res. 35 (2022),
https://doi.org/10.1111/pemr.13028.

[6] Cancer TODAY, IARC 2022. https://gco.iarc.who.int.

[7]1 A. Buja, M. Rugge, G. Damiani, M. Zorzi, C. De Toni, A. Vecchiato, et al., Sex
Differences in cutaneous melanoma: incidence, clinicopathological profile,
survival, and costs, J. Women’s. Health 31 (2022), https://doi.org/10.1089/
jwh.2021.0223.

[8] C.M. Olsen, J.F. Thompson, N. Pandeya, D.C. Whiteman, Evaluation of sex-

specific incidence of melanoma, JAMA Dermatol. 156 (2020) 553-560, https://

doi.org/10.1001/jamadermatol.2020.0470.

American Cancer Society A. American Cancer Society. Cancer Facts &

Figures 2017.

[10] Ann L. De, R.I. Vogel, M.A. Weinstock, H.H. Nelson, R.L. Ahmed, M. Berwick,
Association between indoor tanning and melanoma in younger men and women,
JAMA Dermatol. 152 (2016), https://doi.org/10.1001/jamadermatol.2015.2938.

[11] American Cancer Society A. American Cancer Society. Cancer Facts &

Figures 2024.

[12] C.M. Olsen, N. Pandeya, A. Miranda-Filho, P.S. Rosenberg, D.C. Whiteman, Does

sex matter? Temporal analyses of melanoma trends among men and women

[9


https://doi.org/10.1007/978-3-030-73119-9_23
https://doi.org/10.1089/jwh.2019.8247
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1016/j.canlet.2019.08.017
https://doi.org/10.1111/pcmr.13028
https://doi.org/10.1089/jwh.2021.0223
https://doi.org/10.1089/jwh.2021.0223
https://doi.org/10.1001/jamadermatol.2020.0470
https://doi.org/10.1001/jamadermatol.2020.0470
https://doi.org/10.1001/jamadermatol.2015.2938

S. Attorre et al.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

suggest etiologic heterogeneity, J. Invest Dermatol. (2024), https://doi.org/
10.1016/j.jid.2024.05.011.

M.D. Howard, E. Wee, R. Wolfe, C.A. McLean, J.W. Kelly, Y. Pan, Anatomic
location of primary melanoma: survival differences and sun exposure, J. Am.
Acad. Dermatol. 81 (2019), https://doi.org/10.1016/j.jaad.2019.04.034.

T.E. Robsahm, P. Helsing, Y. Nilssen, L. Vos, S.M.H. Rizvi, L.A. Akslen, et al., High
mortality due to cutaneous melanoma in norway: a study of prognostic factors in
a nationwide cancer registry, Clin. Epidemiol. 10 (2018), https://doi.org/
10.2147/CLEP.S151246.

M.B. Cook, K.A. McGlynn, S.S. Devesa, N.D. Freedman, W.F. Anderson, Sex
disparities in cancer mortality and survival, Cancer Epidemiol. Biomark. Prev. 20
(2011), https://doi.org/10.1158/1055-9965.EPI-11-0246.

L. Gabriele, M. Buoncervello, B. Ascione, M. Bellenghi, P. Matarrese, A. Caré, The
gender perspective in cancer research and therapy: novel insights and on-going
hypotheses, Ann. Ist. Super. Sanita 52 (2016), https://doi.org/10.4415/ANN _16_
02_13.

W.H. Clark, L. From, E.A. Bernardino, M.C. Mihm, The histogenesis and biologic
behavior of primary human malignant melanomas of the skin, Cancer Res. 29
(1969).

K. Lasithiotakis, U. Leiter, F. Meier, T. Eigentler, G. Metzler, M. Moehrle, et al.,
Age and gender are significant independent predictors of survival in primary
cutaneous melanoma, Cancer 112 (2008), https://doi.org/10.1002/cncr.23359.
T.J. Hieken, A.E. Glasgow, E.A.L. Enninga, L.A. Kottschade, R.S. Dronca, S.

N. Markovic, et al., Sex-based differences in melanoma survival in a
contemporary patient cohort, J. Women’s. Health 29 (2020), https://doi.org/
10.1089/jwh.2019.7851.

A. Joosse, S. Collette, S. Suciu, T. Nijsten, P.M. Patel, U. Keilholz, et al., Sex is an
independent prognostic indicator for survival and relapse/progression-free
survival in metastasized stage III to IV melanoma: a pooled analysis of five
European organisation for research and treatment of cancer randomized
controlled trials, J. Clin. Oncol. 31 (2013), https://doi.org/10.1200/
JC0.2012.44.5031.

A. Joosse, E. De Vries, R. Eckel, T. Nijsten, A.M.M. Eggermont, D. Holzel, et al.,
Gender differences in melanoma survival: female patients have a decreased risk of
metastasis, J. Invest. Dermatol. 131 (2011), https://doi.org/10.1038/
jid.2010.354.

C.S. Gamba, C.A. Clarke, T.H.M. Keegan, L. Tao, S.M. Swetter, Melanoma survival
disadvantage in young, non-hispanic white males compared with females, JAMA
Dermatol. 149 (2013), https://doi.org/10.1001/jamadermatol.2013.4408.

A. Joosse, S. Collette, S. Suciu, T. Nijsten, F. Lejeune, U.R. Kleeberg, et al.,
Superior outcome of women with stage I/II cutaneous melanoma: pooled analysis
of four European organisation for research and treatment of cancer phase III
trials, J. Clin. Oncol. 30 (2012), https://doi.org/10.1200/JC0O.2011.38.0584.

N. Afshar, S.G. Dashti, V. Mar, L. te Marvelde, S. Evans, R.L. Milne, et al., Do age
at diagnosis, tumour thickness and tumour site explain sex differences in
melanoma survival? A causal mediation analysis using cancer registry data, Int. J.
Cancer 154 (2024), https://doi.org/10.1002/ijc.34752.

2024, Surveillance Research Program NCI Melanoma of the Skin. Recent Trends
in SEER Relative Survival Rates, 2000-2021 By Sex, 5-year Relative Survival, All
Races / Ethnicities, All Ages, All Stages.

S. Gupta, M. Artomov, W. Goggins, M. Daly, H. Tsao, Gender disparity and
mutation burden in metastatic melanoma, J. Natl. Cancer Inst. 107 (2015),
https://doi.org/10.1093/jnci/djv221.

A. Ghorai, U. Ghosh, miRNA gene counts in chromosomes vary widely in a species
and biogenesis of miRNA largely depends on transcription or post-transcriptional
processing of coding genes, Front. Genet. 5 (2014), https://doi.org/10.3389/
fgene.2014.00100.

K.L. Streicher, W. Zhu, K.P. Lehmann, R.W. Georgantas, C.A. Morehouse,

P. Brohawn, et al., A novel oncogenic role for the miRNA-506-514 cluster in
initiating melanocyte transformation and promoting melanoma growth,
Oncogene 31 (2012), https://doi.org/10.1038/0nc.2011.345.

M.E. Janik, K. Belkot, M. Przybylo, Is oestrogen an important player in melanoma
progression? Wspolczesna Onkol. 18 (2014) https://doi.org/10.5114/
wo0.2014.43938.

M. Mitkov, R. Joseph, J. Copland, Steroid hormone influence on
melanomagenesis, Mol. Cell Endocrinol. 417 (2015), https://doi.org/10.1016/].
mce.2015.09.020.

C.A. Natale, J. Li, J. Zhang, A. Dahal, T. Dentchev, B.Z. Stanger, et al., Activation
of G protein-coupled estrogen receptor signaling inhibits melanoma and improves
response to immune checkpoint blockade, Elife 7 (2018), https://doi.org/
10.7554/¢Life.31770.

E. Ramelyte, P. Koelblinger, R. Dummer, Oestrogen receptor expression in
melanoma, J. Eur. Acad. Dermatol. Venereol. 31 (2017), https://doi.org/
10.1111/jdv.14520.

M. Bellenghi, R. Puglisi, G. Pontecorvi, A. De Feo, A. Care, G. Mattia, Sex and
gender disparities in melanoma, Cancers 12 (2020), https://doi.org/10.3390/
cancers12071819.

A. Nosrati, M.L. Wei, Sex disparities in melanoma outcomes: the role of biology,
Arch. Biochem Biophys. 563 (2014), https://doi.org/10.1016/j.abb.2014.06.018.
M. Ma, S. Ghosh, D. Tavernari, A. Katarkar, A. Clocchiatti, L. Mazzeo, et al.,
Sustained androgen receptor signaling is a determinant of melanoma cell growth
potential and tumorigenesis, J. Exp. Med. 218 (2021), https://doi.org/10.1084/
JEM.20201137.

J.H. Zhou, K.B. Kim, J.N. Myers, P.S. Fox, J. Ning, R.L. Bassett, et al.,
Immunohistochemical expression of hormone receptors in melanoma of pregnant

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

EJC Skin Cancer 2 (2024) 100266

women, nonpregnant women, and men, Am. J. Dermatopathol. 36 (2014),
https://doi.org/10.1097/DAD.0b013e3182914c64.

V. De Giorgi, A. Gori, S. Gandini, F. Papi, M. Grazzini, S. Rossari, et al., Oestrogen
receptor beta and melanoma: a comparative study, Br. J. Dermatol. 168 (2013),
https://doi.org/10.1111/bjd.12056.

T. Mori, S.R. Martinez, S.J. O’Day, D.L. Morton, N. Umetani, M. Kitago, et al.,
Estrogen receptor-o methylation predicts melanoma progression, Cancer Res. 66
(2006), https://doi.org/10.1158/0008-5472.CAN-06-0801.

M. Jia, K. Dahlman-Wright, J.A. Gustafsson, Estrogen receptor alpha and beta in
health and disease, Best. Pr. Res. Clin. Endocrinol. Metab. 29 (2015), https://doi.
org/10.1016/j.beem.2015.04.008.

D.L. Mitchell, A.A. Fernandez, R. Garcia, L. Paniker, K. Lin, A. Hanninen, et al.,
Acute exposure to ultraviolet-B radiation modulates sex steroid hormones and
receptor expression in the skin and may contribute to the sex bias of melanoma in
a fish model, Pigment Cell Melanoma Res. 27 (2014), https://doi.org/10.1111/
pemr.12213.

C. Ohata, T. Tadokoro, S. Itami, Expression of estrogen receptor f in normal skin,
melanocytic nevi and malignant melanomas, J. Dermatol. 35 (2008), https://doi.
org/10.1111/j.1346-8138.2008.00447 .x.

V. De Giorgi, C. Mavilia, D. Massi, A. Gozzini, P. Aragona, A. Tanini, et al.,
Estrogen receptor expression in cutaneous melanoma: a real-time reverse
transcriptase-polymerase chain reaction and immunohistochemical study, Arch.
Dermatol. 145 (2009), https://doi.org/10.1001/archdermatol.2008.537.

AN. Schmidt, L.B. Nanney, A.S. Boyd, L.E. King, D.L. Ellis, Oestrogen receptor-f
expression in melanocytic lesions, Exp. Dermatol. 15 (2006), https://doi.org/
10.1111/j.1600-0625.2006.00502.x.

G.M. Donley, W.T. Liu, R.M. Pfeiffer, E.C. McDonald, K.O. Peters, M.A. Tucker, et
al., Reproductive factors, exogenous hormone use and incidence of melanoma
among women in the United States, Br. J. Cancer 120 (2019) 754-760, https://
doi.org/10.1038/541416-019-0411-z.

J.S. Yuk, S.K. Lee, J.A. Uh, Y.S. Seo, M. Kim, M.S. Kim, Skin cancer risk of
menopausal hormone therapy in a Korean cohort, Sci. Rep. 13 (2023), https://
doi.org/10.1038/541598-023-37687-9.

M.S. Hill, A.M. Cartron, M. Burgoyne, M.S. Driscoll, Hormone therapy and
melanoma in women, Int. J. Women’s. Dermatol. 7 (2021) 692-696, https://doi.
org/10.1016/j.ijwd.2021.06.005.

R. Baghban, L. Roshangar, R. Jahanban-Esfahlan, K. Seidi, A. Ebrahimi-Kalan,
M. Jaymand, et al., Tumor microenvironment complexity and therapeutic
implications at a glance, Cell Commun. Signal. 18 (2020), https://doi.org/
10.1186/512964-020-0530-4.

1. Ben-Batalla, M.E. Vargas-Delgado, L. Meier, S. Loges, Sexual dimorphism in
solid and hematological malignancies, Semin Immunopathol. 41 (2019), https://
doi.org/10.1007/s00281-018-0724-7.

C. Boibessot, P. Toren, Sex steroids in the tumor microenvironment and prostate
cancer progression, Endocr. Relat. Cancer 25 (2018), https://doi.org/10.1530/
ERC-17-0493.

J.B. Rubin, J.S. Lagas, L. Broestl, J. Sponagel, N. Rockwell, G. Rhee, et al., Sex
differences in cancer mechanisms, Biol. Sex. Differ. 11 (2020), https://doi.org/
10.1186/513293-020-00291-x.

Y. Shang, Hormones and cancer, Cell Res 17 (2007), https://doi.org/10.1038/
cr.2007.26.

H.I Kim, H. Lim, A. Moon, Sex differences in cancer: epidemiology, genetics and
therapy, Biomol. Ther. (Seoul. ) 26 (2018), https://doi.org/10.4062/
biomolther.2018.103.

P. Bolufer, M. Collado, E. Barragdn, J. Cervera, M.J. Calasanz, D. Colomer, et al.,
The potential effect of gender in combination with common genetic
polymorphisms of drug-metabolizing enzymes on the risk of developing acute
leukemia, Haematologica 92 (2007), https://doi.org/10.3324/haematol.10752.
Tevfik Dorak, M. Karpuzoglu, E. Gender differences in cancer susceptibility: an
inadequately addressed issue, Front Genet 3 (2012), https://doi.org/10.3389/
fgene.2012.00268.

G. McCartney, L. Mahmood, A.H. Leyland, David Batty, G. Hunt, K. Contribution
of smoking-related and alcohol-related deaths to the gender gap in mortality:
evidence from 30 European countries, Tob. Control 20 (2011), https://doi.org/
10.1136/tc.2010.037929.

F. Liu-Smith, A.M. Farhat, A. Arce, A. Ziogas, T. Taylor, Z. Wang, et al., Sex
differences in the association of cutaneous melanoma incidence rates and
geographic ultraviolet light exposure, J. Am. Acad. Dermatol. 76 (2017), https://
doi.org/10.1016/j.jaad.2016.08.027.

J.A. Pinto, J.M. Araujo, H.L. Gomez, Sex, immunity, and cancer, Biochim
Biophys. Acta Rev. Cancer 1877 (2022), https://doi.org/10.1016/j.
bbcan.2021.188647.

P. Matarrese, G. Mattia, M.T. Pagano, G. Pontecorvi, E. Ortona, W. Malorni, et al.,
The sex-related interplay between tme and cancer: on the critical role of estrogen,
micrornas and autophagy, Cancers 13 (2021), https://doi.org/10.3390/
cancers13133287.

C. Roma-Rodrigues, R. Mendes, P.V. Baptista, A.R. Fernandes, Targeting tumor
microenvironment for cancer therapy, Int. J. Mol. Sci. 20 (2019), https://doi.org/
10.3390/ijms20040840.

M.A. Swartz, N. Iida, E.W. Roberts, S. Sangaletti, M.H. Wong, F.E. Yull, et al.,
Tumor microenvironment complexity: emerging roles in cancer therapy, Cancer
Res. vol. 72 (2012), https://doi.org/10.1158/0008-5472.CAN-12-0122.

M.G. Thompson, D.S. Peiffer, M. Larson, F. Navarro, S.K. Watkins, FOXO3,
estrogen receptor alpha, and androgen receptor impact tumor growth rate and
infiltration of dendritic cell subsets differentially between male and female mice,


https://doi.org/10.1016/j.jid.2024.05.011
https://doi.org/10.1016/j.jid.2024.05.011
https://doi.org/10.1016/j.jaad.2019.04.034
https://doi.org/10.2147/CLEP.S151246
https://doi.org/10.2147/CLEP.S151246
https://doi.org/10.1158/1055-9965.EPI-11-0246
https://doi.org/10.4415/ANN_16_02_13
https://doi.org/10.4415/ANN_16_02_13
http://refhub.elsevier.com/S2772-6118(24)00254-4/sbref14
http://refhub.elsevier.com/S2772-6118(24)00254-4/sbref14
http://refhub.elsevier.com/S2772-6118(24)00254-4/sbref14
https://doi.org/10.1002/cncr.23359
https://doi.org/10.1089/jwh.2019.7851
https://doi.org/10.1089/jwh.2019.7851
https://doi.org/10.1200/JCO.2012.44.5031
https://doi.org/10.1200/JCO.2012.44.5031
https://doi.org/10.1038/jid.2010.354
https://doi.org/10.1038/jid.2010.354
https://doi.org/10.1001/jamadermatol.2013.4408
https://doi.org/10.1200/JCO.2011.38.0584
https://doi.org/10.1002/ijc.34752
https://doi.org/10.1093/jnci/djv221
https://doi.org/10.3389/fgene.2014.00100
https://doi.org/10.3389/fgene.2014.00100
https://doi.org/10.1038/onc.2011.345
https://doi.org/10.5114/wo.2014.43938
https://doi.org/10.5114/wo.2014.43938
https://doi.org/10.1016/j.mce.2015.09.020
https://doi.org/10.1016/j.mce.2015.09.020
https://doi.org/10.7554/eLife.31770
https://doi.org/10.7554/eLife.31770
https://doi.org/10.1111/jdv.14520
https://doi.org/10.1111/jdv.14520
https://doi.org/10.3390/cancers12071819
https://doi.org/10.3390/cancers12071819
https://doi.org/10.1016/j.abb.2014.06.018
https://doi.org/10.1084/JEM.20201137
https://doi.org/10.1084/JEM.20201137
https://doi.org/10.1097/DAD.0b013e3182914c64
https://doi.org/10.1111/bjd.12056
https://doi.org/10.1158/0008-5472.CAN-06-0801
https://doi.org/10.1016/j.beem.2015.04.008
https://doi.org/10.1016/j.beem.2015.04.008
https://doi.org/10.1111/pcmr.12213
https://doi.org/10.1111/pcmr.12213
https://doi.org/10.1111/j.1346-8138.2008.00447.x
https://doi.org/10.1111/j.1346-8138.2008.00447.x
https://doi.org/10.1001/archdermatol.2008.537
https://doi.org/10.1111/j.1600-0625.2006.00502.x
https://doi.org/10.1111/j.1600-0625.2006.00502.x
https://doi.org/10.1038/s41416-019-0411-z
https://doi.org/10.1038/s41416-019-0411-z
https://doi.org/10.1038/s41598-023-37687-9
https://doi.org/10.1038/s41598-023-37687-9
https://doi.org/10.1016/j.ijwd.2021.06.005
https://doi.org/10.1016/j.ijwd.2021.06.005
https://doi.org/10.1186/s12964-020-0530-4
https://doi.org/10.1186/s12964-020-0530-4
https://doi.org/10.1007/s00281-018-0724-7
https://doi.org/10.1007/s00281-018-0724-7
https://doi.org/10.1530/ERC-17-0493
https://doi.org/10.1530/ERC-17-0493
https://doi.org/10.1186/s13293-020-00291-x
https://doi.org/10.1186/s13293-020-00291-x
https://doi.org/10.1038/cr.2007.26
https://doi.org/10.1038/cr.2007.26
https://doi.org/10.4062/biomolther.2018.103
https://doi.org/10.4062/biomolther.2018.103
https://doi.org/10.3324/haematol.10752
https://doi.org/10.3389/fgene.2012.00268
https://doi.org/10.3389/fgene.2012.00268
https://doi.org/10.1136/tc.2010.037929
https://doi.org/10.1136/tc.2010.037929
https://doi.org/10.1016/j.jaad.2016.08.027
https://doi.org/10.1016/j.jaad.2016.08.027
https://doi.org/10.1016/j.bbcan.2021.188647
https://doi.org/10.1016/j.bbcan.2021.188647
https://doi.org/10.3390/cancers13133287
https://doi.org/10.3390/cancers13133287
https://doi.org/10.3390/ijms20040840
https://doi.org/10.3390/ijms20040840
https://doi.org/10.1158/0008-5472.CAN-12-0122

S. Attorre et al.

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]
[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Cancer Immunol. Immunother. 66 (2017), https://doi.org/10.1007/s00262-017-
1972-4.

J. Roved, H. Westerdahl, D. Hasselquist, Sex differences in immune responses:
hormonal effects, antagonistic selection, and evolutionary consequences, Horm.
Behav. 88 (2017), https://doi.org/10.1016/j.yhbeh.2016.11.017.

P.-Y. Lin, L. Sun, S.R. Thibodeaux, S.M. Ludwig, R.K. Vadlamudi, V.J. Hurez, et
al., B7-H1-dependent sex-related differences in tumor immunity and
immunotherapy responses, J. Immunol. 185 (2010), https://doi.org/10.4049/

jimmunol.1000496.

H.S. Fox, B.L. Bond, T.G. Parslow, Estrogen regulates the IFN-gamma promoter,
J. Immunol. 146 (1991), https://doi.org/10.4049/jimmunol.146.12.4362.

E. Karpuzoglu, R.A. Phillips, R.M. Gogal, S. Ansar Ahmed, IFN-y-inducing
transcription factor, T-bet is upregulated by estrogen in murine splenocytes: role
of IL-27 but not IL-12, Mol. Immunol. 44 (2007), https://doi.org/10.1016/j.
molimm.2006.08.005.

R. Addis, I. Campesi, M. Fois, G. Capobianco, S. Dessole, G. Fenu, et al., Human
umbilical endothelial cells (HUVECs) have a sex: characterisation of the
phenotype of male and female cells, Biol. Sex. Differ. 5 (2014), https://doi.org/
10.1186/513293-014-0018-2.

B. Kardideh, Z. Samimi, F. Norooznezhad, S. Kiani, K. Mansouri, Autophagy,
cancer and angiogenesis: where is the link? Cell Biosci. 9 (2019) https://doi.org/
10.1186/513578-019-0327-6.

B. Chakraborty, J. Byemerwa, J. Shepherd, C.N. Haines, R. Baldi, W. Gong, et al.,
Inhibition of estrogen signaling in myeloid cells increases tumor immunity in
melanoma, J. Clin. Investig. 131 (2021), https://doi.org/10.1172/JCI151347.
J.L. Markman, R.A. Porritt, D. Wakita, M.E. Lane, D. Martinon, M. Noval Rivas, et
al., Loss of testosterone impairs anti-tumor neutrophil function, Nat. Commun. 11
(2020), https://doi.org/10.1038/s41467-020-15397-4.

X. An, Y. Zhu, T. Zheng, G. Wang, M. Zhang, J. Li, et al., An Analysis of the
Expression and Association with Immune Cell Infiltration of the cGAS/STING
Pathway in Pan-Cancer, Mol. Ther. Nucleic Acids 14 (2019) 80-89, https://doi.
org/10.1016/j.0mtn.2018.11.003.

Q. Chen, L. Sun, Z.J. Chen, Regulation and function of the cGAS-STING pathway
of cytosolic DNA sensing, Nat. Immunol. 17 (2016), https://doi.org/10.1038/
ni.3558.

S.R. Woo, L. Corrales, T.F. Gajewski, Innate immune recognition of cancer, Annu
Rev. Immunol. 33 (2015), https://doi.org/10.1146/annurev-immunol-032414-
112043.

A. Clocchiatti, S. Ghosh, M.G. Procopio, L. Mazzeo, P. Bordignon, P. Ostano, et
al., Androgen receptor functions as transcriptional repressor of cancer-associated
fibroblast activation, J. Clin. Investig. 128 (2018), https://doi.org/10.1172/
JCI99159.

Villanueva J., Herlyn M. Melanoma and the Tumor Microenvironment 2008.

F. Papaccio, D. Kovacs, B. Bellei, S. Caputo, E. Migliano, C. Cota, et al., Profiling
cancer-associated fibroblasts in melanoma, Int. J. Mol. Sci. 22 (2021), https://
doi.org/10.3390/ijms22147255.

R. Kalluri, M. Zeisberg, Fibroblasts in cancer, Nat. Rev. Cancer 6 (2006), https://
doi.org/10.1038/nrc1877.

D. Tang, J. Gao, S. Wang, N. Ye, Y. Chong, Y. Huang, et al., Cancer-associated
fibroblasts promote angiogenesis in gastric cancer through galectin-1 expression,
Tumor Biol. 37 (2016), https://doi.org/10.1007/513277-015-3942-9.

L. Monteran, N. Erez, The dark side of fibroblasts: cancer-associated fibroblasts as
mediators of immunosuppression in the tumor microenvironment, Front.
Immunol. 10 (2019), https://doi.org/10.3389/fimmu.2019.01835.

T. Liu, C. Han, S. Wang, P. Fang, Z. Ma, L. Xu, et al., Cancer-associated fibroblasts:
an emerging target of anti-cancer immunotherapy, J. Hematol. Oncol. 12 (2019),
https://doi.org/10.1186/513045-019-0770-1.

K. Shiga, M. Hara, T. Nagasaki, T. Sato, H. Takahashi, H. Takeyama, Cancer-
associated fibroblasts: their characteristics and their roles in tumor growth,
Cancers 7 (2015), https://doi.org/10.3390/cancers7040902.

F. Cirillo, M. Pellegrino, R. Malivindi, V. Rago, S. Avino, L. Muto, et al., GPER is
involved in the regulation of the estrogen-metabolizing CYP1B1 enzyme in breast
cancer, Oncotarget 8 (2017), https://doi.org/10.18632/oncotarget.22541.

K.P. Lai, S. Yamashita, C.K. Huang, S. Yeh, C. Chang, Loss of stromal androgen
receptor leads to suppressed prostate tumourigenesis via modulation of pro-
inflammatory cytokines/chemokines, EMBO Mol. Med. 4 (2012), https://doi.org/
10.1002/emmm.201101140.

A. Clocchiatti, E. Cora, Y. Zhang, G.P. Dotto, Sexual dimorphism in cancer, Nat.
Rev. Cancer 16 (2016) 330-339, https://doi.org/10.1038/nrc.2016.30.

Y. Chhabra, M.E. Fane, S. Pramod, L. Hiiser, D.J. Zabransky, V. Wang, et al., Sex-
dependent effects in the aged melanoma tumor microenvironment influence
invasion and resistance to targeted therapy, Cell (2024), https://doi.org/
10.1016/j.cell.2024.08.013.

M. De Palma, D. Biziato, T.V. Petrova, Microenvironmental regulation of tumour
angiogenesis, Nat. Rev. Cancer 17 (2017), https://doi.org/10.1038/nrc.2017.51.
C. Dubois, N. Rocks, S. Blacher, 1. Primac, A. Gallez, M. Garcia-Caballero, et al.,
Lymph/angiogenesis contributes to sex differences in lung cancer through
oestrogen receptor alpha signalling, Endocr. Relat. Cancer 26 (2019), https://doi.
org/10.1530/ERC-18-0328.

M.B. Schaaf, D. Houbaert, O. Mece, P. Agostinis, Autophagy in endothelial cells
and tumor angiogenesis, Cell Death Differ. 26 (2019), https://doi.org/10.1038/
$41418-019-0287-8.

C. Péqueux, I. Raymond-Letron, S. Blacher, F. Boudou, M. Adlanmerini, M.

J. Fouque, et al., Stromal estrogen receptor-« promotes tumor growth by
normalizing an increased angiogenesis, Cancer Res. 72 (2012), https://doi.org/
10.1158/0008-5472.CAN-11-3768.

10

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

EJC Skin Cancer 2 (2024) 100266

M. Potente, H. Gerhardt, P. Carmeliet, Basic and therapeutic aspects of
angiogenesis, Cell 146 (2011), https://doi.org/10.1016/j.cell.2011.08.039.

F. Morfoisse, A. Noel, Lymphatic and blood systems: Identical or fraternal twins?
Int. J. Biochem. Cell Biol. 114 (2019) https://doi.org/10.1016/j.
biocel.2019.105562.

M.L. Disis, Immune regulation of cancer, J. Clin. Oncol. 28 (2010), https://doi.
org/10.1200/JCO.2009.27.2146.

S. Jaillon, K. Berthenet, C. Garlanda, Sexual dimorphism in innate immunity,
Clin. Rev. Allergy Immunol. 56 (2019), https://doi.org/10.1007/512016-017-
8648-x.

A. Castro, R.M. Pyke, X. Zhang, W.K. Thompson, C.P. Day, L.B. Alexandrov, et al.,
Strength of immune selection in tumors varies with sex and age, Nat. Commun.
11 (2020), https://doi.org/10.1038/s41467-020-17981-0.

D. Zheng, J. Trynda, C. Williams, J.A. Vold, J.H. Nguyen, D.M. Harnois, et al.,
Sexual dimorphism in the incidence of human cancers, BMC Cancer 19 (2019),
https://doi.org/10.1186/512885-019-5902-z.

C. Libert, L. Dejager, I. Pinheiro, The X chromosome in immune functions: when a
chromosome makes the difference, Nat. Rev. Immunol. 10 (2010), https://doi.
org/10.1038/nri2815.

C. Selmi, E. Brunetta, M.G. Raimondo, P.L. Meroni, The X chromosome and the
sex ratio of autoimmunity, Autoimmun. Rev. 11 (2012), https://doi.org/
10.1016/j.autrev.2011.11.024.

S. Kovats, Estrogen receptors regulate innate immune cells and signaling
pathways, Cell Immunol. 294 (2015), https://doi.org/10.1016/j.
cellimm.2015.01.018.

I.A. Buskiewicz, S.A. Huber, D.L. Fairweather, Sex hormone receptor expression
in the immune system, Sex. Differ. Physiol. (2016), https://doi.org/10.1016/
B978-0-12-802388-4.00004-5.

C. Giefing-Kroll, P. Berger, G. Lepperdinger, B. Grubeck-Loebenstein, How sex
and age affect immune responses, susceptibility to infections, and response to
vaccination, Aging Cell 14 (2015), https://doi.org/10.1111/acel.12326.

M.R.G. Bupp, T. Potluri, A.L. Fink, S.L. Klein, The confluence of sex hormones and
aging on immunity, Front. Immunol. 9 (2018), https://doi.org/10.3389/
fimmu.2018.01269.

E.N. Fish, The X-files in immunity: Sex-based differences predispose immune
responses, Nat. Rev. Immunol. 8 (2008), https://doi.org/10.1038/nri2394.

R. Dannenfelser, M. Nome, A. Tahiri, J. Ursini-Siegel, H.K.M. Vollan, V.

D. Haakensen, et al., Data-driven analysis of immune infiltrate in a large cohort of
breast cancer and its association with disease progression, ER activity, and
genomic complexity, Oncotarget 8 (2017), https://doi.org/10.18632/
oncotarget.19078.

1. Ben-Batalla, M.E. Vargas-Delgado, G. von Amsberg, M. Janning, S. Loges,
Influence of androgens on immunity to self and foreign: effects on immunity and
cancer, Front. Immunol. 11 (2020), https://doi.org/10.3389/fimmu.2020.01184.
G.C. Hughes, Progesterone and autoimmune disease, Autoimmun. Rev. 11 (2012),
https://doi.org/10.1016/j.autrev.2011.12.003.

M. Saad, S.J. Lee, A.C. Tan, L.M. El Naqa, F.S. Hodi, L.H. Butterfield, et al.,
Enhanced immune activation within the tumor microenvironment and circulation
of female high-risk melanoma patients and improved survival with adjuvant
CTLA4 blockade compared to males, J. Transl. Med. 20 (2022), https://doi.org/
10.1186/512967-022-03450-3.

M.A. Zhang, D. Rego, M. Moshkova, H. Kebir, A. Chruscinski, H.K. Nguyen, et al.,
Peroxisome proliferator-activated receptor (PPAR)a and -y regulate IFNy and IL-
17A production by human T cells in a sex-specific way, Proc. Natl. Acad. Sci. 109
(2012), https://doi.org/10.1073/pnas.1118458109.

A.K. Wesa, M. Mandic, J.L. Taylor, S. Moschos, J.M. Kirkwood, W.W. Kwok, et al.,
Circulating Type-1 anti-tumor CD4 + T cells are preferentially pro-apoptotic in
cancer patients, Front. Oncol. 4 (2014), https://doi.org/10.3389/
fonc.2014.00266.

P. Sharma, J.P. Allison, The future of immune checkpoint therapy, Science 348
(2015) 1979, https://doi.org/10.1126/science.aaa8172.

D.S. Chen, I. Mellman, Elements of cancer immunity and the cancer-immune set
point, Nature 541 (2017), https://doi.org/10.1038/nature21349.

B. Sobottka, M. Nowak, A.L. Frei, M. Haberecker, S. Merki, M.P. Levesque, et al.,
Correction: establishing standardized immune phenotyping of metastatic
melanoma by digital pathology, Lab. Investig. 101 (2021), https://doi.org/
10.1038/541374-021-00676-5.

B.C. Ozdemir, G.P. Dotto, Sex hormones and anticancer immunity, Clin. Cancer
Res. 25 (2019), https://doi.org/10.1158/1078-0432.CCR-19-0137.

C. Caruntu, A. Mirica, A.E. Rosca, R. Mirica, A. Caruntu, M. Tampa, et al., The role
of estrogens and estrogen receptors in melanoma development and progression,
Acta Endocrinol. 12 (2016), https://doi.org/10.4183/aeb.2016.234.

Hu Y.-M., Zhao F., Graff J.N., Chen C., Zhao X., Thomas G.V., et al. Androgen
receptor activity inversely correlates with immune cell infiltration and
immunotherapy response across multiple cancer lineages n.d. https://doi.org/10.
1101/2024.05.08.593181.

Q. Liu, E. Adhikari, D.K. Lester, B. Fang, J.O. Johnson, Y. Tian, et al., Androgen
drives melanoma invasiveness and metastatic spread by inducing tumorigenic
fucosylation, Nat. Commun. 15 (2024), https://doi.org/10.1038/541467-024-
45324-w.

D.K. Lester, C. Burton, A. Gardner, P. Innamarato, K. Kodumudi, Q. Liu, et al.,
Fucosylation of HLA-DRB1 regulates CD4+ T cell-mediated anti-melanoma
immunity and enhances immunotherapy efficacy, Nat. Cancer 4 (2023) 222-239,
https://doi.org/10.1038/543018-022-00506-7.

M.V. Scalerandi, N. Peinetti, C. Leimgruber, M.M.C. Rubio, J.P. Nicola, G.

B. Menezes, et al., Inefficient N2-like neutrophils are promoted by androgens


https://doi.org/10.1007/s00262-017-1972-4
https://doi.org/10.1007/s00262-017-1972-4
https://doi.org/10.1016/j.yhbeh.2016.11.017
https://doi.org/10.4049/jimmunol.1000496
https://doi.org/10.4049/jimmunol.1000496
https://doi.org/10.4049/jimmunol.146.12.4362
https://doi.org/10.1016/j.molimm.2006.08.005
https://doi.org/10.1016/j.molimm.2006.08.005
https://doi.org/10.1186/s13293-014-0018-2
https://doi.org/10.1186/s13293-014-0018-2
https://doi.org/10.1186/s13578-019-0327-6
https://doi.org/10.1186/s13578-019-0327-6
https://doi.org/10.1172/JCI151347
https://doi.org/10.1038/s41467-020-15397-4
https://doi.org/10.1016/j.omtn.2018.11.003
https://doi.org/10.1016/j.omtn.2018.11.003
https://doi.org/10.1038/ni.3558
https://doi.org/10.1038/ni.3558
https://doi.org/10.1146/annurev-immunol-032414-112043
https://doi.org/10.1146/annurev-immunol-032414-112043
https://doi.org/10.1172/JCI99159
https://doi.org/10.1172/JCI99159
https://doi.org/10.3390/ijms22147255
https://doi.org/10.3390/ijms22147255
https://doi.org/10.1038/nrc1877
https://doi.org/10.1038/nrc1877
https://doi.org/10.1007/s13277-015-3942-9
https://doi.org/10.3389/fimmu.2019.01835
https://doi.org/10.1186/s13045-019-0770-1
https://doi.org/10.3390/cancers7040902
https://doi.org/10.18632/oncotarget.22541
https://doi.org/10.1002/emmm.201101140
https://doi.org/10.1002/emmm.201101140
https://doi.org/10.1038/nrc.2016.30
https://doi.org/10.1016/j.cell.2024.08.013
https://doi.org/10.1016/j.cell.2024.08.013
https://doi.org/10.1038/nrc.2017.51
https://doi.org/10.1530/ERC-18-0328
https://doi.org/10.1530/ERC-18-0328
https://doi.org/10.1038/s41418-019-0287-8
https://doi.org/10.1038/s41418-019-0287-8
https://doi.org/10.1158/0008-5472.CAN-11-3768
https://doi.org/10.1158/0008-5472.CAN-11-3768
https://doi.org/10.1016/j.cell.2011.08.039
https://doi.org/10.1016/j.biocel.2019.105562
https://doi.org/10.1016/j.biocel.2019.105562
https://doi.org/10.1200/JCO.2009.27.2146
https://doi.org/10.1200/JCO.2009.27.2146
https://doi.org/10.1007/s12016-017-8648-x
https://doi.org/10.1007/s12016-017-8648-x
https://doi.org/10.1038/s41467-020-17981-0
https://doi.org/10.1186/s12885-019-5902-z
https://doi.org/10.1038/nri2815
https://doi.org/10.1038/nri2815
https://doi.org/10.1016/j.autrev.2011.11.024
https://doi.org/10.1016/j.autrev.2011.11.024
https://doi.org/10.1016/j.cellimm.2015.01.018
https://doi.org/10.1016/j.cellimm.2015.01.018
https://doi.org/10.1016/B978-0-12-802388-4.00004-5
https://doi.org/10.1016/B978-0-12-802388-4.00004-5
https://doi.org/10.1111/acel.12326
https://doi.org/10.3389/fimmu.2018.01269
https://doi.org/10.3389/fimmu.2018.01269
https://doi.org/10.1038/nri2394
https://doi.org/10.18632/oncotarget.19078
https://doi.org/10.18632/oncotarget.19078
https://doi.org/10.3389/fimmu.2020.01184
https://doi.org/10.1016/j.autrev.2011.12.003
https://doi.org/10.1186/s12967-022-03450-3
https://doi.org/10.1186/s12967-022-03450-3
https://doi.org/10.1073/pnas.1118458109
https://doi.org/10.3389/fonc.2014.00266
https://doi.org/10.3389/fonc.2014.00266
https://doi.org/10.1126/science.aaa8172
https://doi.org/10.1038/nature21349
https://doi.org/10.1038/s41374-021-00676-5
https://doi.org/10.1038/s41374-021-00676-5
https://doi.org/10.1158/1078-0432.CCR-19-0137
https://doi.org/10.4183/aeb.2016.234
https://doi.org/10.1101/2024.05.08.593181
https://doi.org/10.1101/2024.05.08.593181
https://doi.org/10.1038/s41467-024-45324-w
https://doi.org/10.1038/s41467-024-45324-w
https://doi.org/10.1038/s43018-022-00506-7

S. Attorre et al.

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

during infection, Front. Immunol. 9 (2018), https://doi.org/10.3389/
fimmu.2018.01980.

K.H. Chuang, S. Altuwaijri, G. Li, J.J. Lai, C.Y. Chu, K.P. Lai, et al., Neutropenia
with impaired host defense against microbial infection in mice lacking androgen
receptor, J. Exp. Med. 206 (2009), https://doi.org/10.1084/jem.20082521.

J.J. Lai, K.P. Lai, W. Zeng, K.H. Chuang, S. Altuwaijri, C. Chang, Androgen
receptor influences on body defense system via modulation of innate and adaptive
immune systems: lessons from conditional AR knockout mice, Am. J. Pathol. 181
(2012), https://doi.org/10.1016/j.ajpath.2012.07.008.

J.J. Tang, Y.F. Pan, C. Chen, X.L. Cui, Z.J. Yan, D.X. Zhou, et al., Androgens drive
sexual dimorphism in liver metastasis by promoting hepatic accumulation of
neutrophils, Cell Rep. 39 (2022), https://doi.org/10.1016/j.celrep.2022.110987.
K.L. Knutson, M.L. Disis, Tumor antigen-specific T helper cells in cancer immunity
and immunotherapy, Cancer Immunol. Immunother. 54 (2005), https://doi.org/
10.1007/500262-004-0653-2.

T. Ramirez-Montagut, M.J. Turk, J.D. Wolchok, J.A. Guevara-Patino, A.

N. Houghton, Immunity to melanoma: Unraveling the relation of tumor immunity
and autoimmunity, Oncogene 22 (2003), https://doi.org/10.1038/sj.
onc.1206462.

H. Kwon, J.M. Schafer, N.J. Song, S. Kaneko, A. Li, T. Xiao, et al., Androgen
conspires with the CD8+ T cell exhaustion program and contributes to sex bias in
cancer, Sci. Immunol. 7 (2022), https://doi.org/10.1126/sciimmunol.abq2630.
M.J. Polanczyk, B.D. Carson, S. Subramanian, M. Afentoulis, A.A. Vandenbark, S.
F. Ziegler, et al., Cutting edge: estrogen drives expansion of the CD4+CD25+
regulatory T cell compartment, J. Immunol. 173 (2004), https://doi.org/
10.4049/jimmunol.173.4.2227.

C.W. Roberts, W. Walker, J. Alexander, Sex-associated hormones and immunity to
protozoan parasites, Clin. Microbiol. Rev. 14 (2001), https://doi.org/10.1128/
CMR.14.3.476-488.2001.

P.P. Dakup, K.I. Porter, A.A. Little, H. Zhang, S. Gaddameedhi, Sex differences in
the association between tumor growth and T cell response in a melanoma mouse
model, Cancer Immunol. Immunother. 69 (2020), https://doi.org/10.1007/
500262-020-02643-3.

Y. Zhai, A.J. Haresi, L. Huang, D. Lang, Differences in tumor initiation and
progression of melanoma in the BrafCA;Tyr-CreERT2;Ptenf/f model between male
and female mice, Pigment Cell Melanoma Res. 33 (2020), https://doi.org/
10.1111/pcmr.12821.

11

[127]

[128]

[129]

[130]
[131]

[132]

[133]

[134]

[135]

[136]

[137]

EJC Skin Cancer 2 (2024) 100266

Y. Ye, Y. Jing, L. Li, G.B. Mills, L. Diao, H. Liu, et al., Sex-associated molecular
differences for cancer immunotherapy, Nat. Commun. 11 (2020), https://doi.org/
10.1038/541467-020-15679-x.

F. Yang, S.N. Markovic, J.R. Molina, T.R. Halfdanarson, L.C. Pagliaro, A.

V. Chintakuntlawar, et al., Association of sex, age, and eastern cooperative
oncology group performance status with survival benefit of cancer
immunotherapy in randomized clinical trials: a systematic review and meta-
analysis, JAMA Netw. Open 3 (2020), https://doi.org/10.1001/
jamanetworkopen.2020.12534.

L. Wang, K. Pino-Lagos, V.C. De Vries, I. Guleria, M.H. Sayegh, R.J. Noelle,
Programmed death 1 ligand signaling regulates the generation of adaptive Foxp3
+CD4+ regulatory T cells, Proc. Natl. Acad. Sci. 105 (2008), https://doi.org/
10.1073/pnas.0710441105.

T.J. Curiel, Tregs and rethinking cancer immunotherapy, J. Clin. Investig. 117
(2007), https://doi.org/10.1172/JCI31202.

W. Zou, Regulatory T cells, tumour immunity and immunotherapy, Nat. Rev.
Immunol. 6 (2006), https://doi.org/10.1038/nri1806.

G. Afshan, N. Afzal, S. Qureshi, CD4+CD25hi regulatory T cells in healthy males
and females mediate gender difference in the prevalence of autoimmune diseases.
Clin. Lab 58 (2012).

C.C. Whitacre, Sex differences in autoimmune disease, Nat. Immunol. 2 (2001),
https://doi.org/10.1038/ni0901-777.

H. Dong, G. Zhu, K. Tamada, L. Chen, B7-H1, a third member of the B7 family, co-
stimulates T-cell proliferation and interleukin-10 secretion, Nat. Med. 5 (1999),
https://doi.org/10.1038/70932.

W. Zou, L. Chen, Inhibitory B7-family molecules in the tumour
microenvironment, Nat. Rev. Immunol. 8 (2008), https://doi.org/10.1038/
nri2326.

S.C. Gilliver, J.J. Ashworth, S.J. Mills, M.J. Hardman, G.S. Ashcroft, Androgens
modulate the inflammatory response during acute wound healing, J. Cell Sci. 119
(2006), https://doi.org/10.1242/jcs.02786.

K.C. Barry, J. Hsu, M.L. Broz, F.J. Cueto, M. Binnewies, A.J. Combes, et al.,

A natural killer-dendritic cell axis defines checkpoint therapy-responsive tumor
microenvironments, Nat. Med. 24 (2018), https://doi.org/10.1038/541591-018-
0085-8.


https://doi.org/10.3389/fimmu.2018.01980
https://doi.org/10.3389/fimmu.2018.01980
https://doi.org/10.1084/jem.20082521
https://doi.org/10.1016/j.ajpath.2012.07.008
https://doi.org/10.1016/j.celrep.2022.110987
https://doi.org/10.1007/s00262-004-0653-2
https://doi.org/10.1007/s00262-004-0653-2
https://doi.org/10.1038/sj.onc.1206462
https://doi.org/10.1038/sj.onc.1206462
https://doi.org/10.1126/sciimmunol.abq2630
https://doi.org/10.4049/jimmunol.173.4.2227
https://doi.org/10.4049/jimmunol.173.4.2227
https://doi.org/10.1128/CMR.14.3.476-488.2001
https://doi.org/10.1128/CMR.14.3.476-488.2001
https://doi.org/10.1007/s00262-020-02643-3
https://doi.org/10.1007/s00262-020-02643-3
https://doi.org/10.1111/pcmr.12821
https://doi.org/10.1111/pcmr.12821
https://doi.org/10.1038/s41467-020-15679-x
https://doi.org/10.1038/s41467-020-15679-x
https://doi.org/10.1001/jamanetworkopen.2020.12534
https://doi.org/10.1001/jamanetworkopen.2020.12534
https://doi.org/10.1073/pnas.0710441105
https://doi.org/10.1073/pnas.0710441105
https://doi.org/10.1172/JCI31202
https://doi.org/10.1038/nri1806
http://refhub.elsevier.com/S2772-6118(24)00254-4/sbref126
http://refhub.elsevier.com/S2772-6118(24)00254-4/sbref126
http://refhub.elsevier.com/S2772-6118(24)00254-4/sbref126
https://doi.org/10.1038/ni0901-777
https://doi.org/10.1038/70932
https://doi.org/10.1038/nri2326
https://doi.org/10.1038/nri2326
https://doi.org/10.1242/jcs.02786
https://doi.org/10.1038/s41591-018-0085-8
https://doi.org/10.1038/s41591-018-0085-8

	Sex-specific and sex hormonal-related differences in melanoma microenvironment
	1 Introduction
	1.1 Gender and sex differences: epidemiology and prognosis
	1.2 Sex hormones
	1.3 Melanoma TME
	1.4 Cancer associated fibroblast and sexual dimorphism in melanoma
	1.5 Neoangiogenesis and sexual dimorphism in melanoma
	1.6 Immunity and sexual dimorphism in melanoma
	1.7 Neutrophils
	1.8 Lymphocytes
	1.8.1 CD4+ and CD8+ cells and different ratio between female and male
	1.8.2 TReg lymphocytes

	1.9 Dendritic cells

	2 Conclusions
	Fundings
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Authors’ contributions
	References


