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Melanoma is a highly aggressive form of skin cancer that frequently metastasizes to
vital organs, where it is often difficult to treat with traditional therapies such as surgery
and radiation. In such cases of metastatic disease, immunotherapy has emerged in
recent years as an exciting treatment option for melanoma patients. Despite unprec-
edented successes with immune therapy in the clinic, many patients still experience
disease relapse, and others fail to respond at all, thus highlighting the need to better
understand factors that influence the efficacy of antitumor immune responses. At the
heart of antitumor immunity are dendritic cells (DCs), an innate population of cells that
function as critical regulators of immune tolerance and activation. As such, DCs have the
potential to serve as important targets and delivery agents of cancer immunotherapies.
Even immunotherapies that do not directly target or employ DCs, such as checkpoint
blockade therapy and adoptive cell transfer therapy, are likely to rely on DCs that
shape the quality of therapy-associated antitumor immunity. Therefore, understanding
factors that regulate the function of tumor-associated DCs is critical for optimizing both
current and future immunotherapeutic strategies for treating melanoma. To this end,
this review focuses on advances in our understanding of DC function in the context
of melanoma, with particular emphasis on (1) the role of immunogenic cell death in
eliciting tumor-associated DC activation, (2) immunosuppression of DC function by
melanoma-associated factors in the tumor microenvironment, (3) metabolic constraints
on the activation of tumor-associated DCs, and (4) the role of the microbiome in shaping
the immunogenicity of DCs and the overall quality of anti-melanoma immune responses
they mediate. Additionally, this review highlights novel DC-based immunotherapies for
melanoma that are emerging from recent progress in each of these areas of investiga-
tion, and it discusses current issues and questions that will need to be addressed in
future studies aimed at optimizing the function of melanoma-associated DCs and the
antitumor immune responses they direct against this cancer.

Keywords: dendritic cell, tumor, cancer immunotherapy, melanoma, immune suppression, immunogenic cell
death, immunometabolism, microbiome

INTRODUCTION

Melanoma is responsible for ~10,000 deaths in the United States and ~55,000 deaths worldwide each
year, making it the cause of over 75% of skin cancer-related deaths (1, 2). Importantly, data collected
by the SEER Program show that melanoma incidence rates have continually risen the last 40 years
(3), and a recent study projects melanoma incidence to continue increasing through at least 2022
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(4). In the U.S. alone, annual costs for treatment and productivity
losses associated with melanoma are near $3.3 billion (5). These
numbers are even more staggering when considering the U.S.
ranks only third in melanoma incidence worldwide (6), thus
highlighting the need to address melanoma as a global public
health concern.

Although it is the least common form of skin cancer, mela-
noma is by far the most lethal due to its propensity to metastasize
to several vital organs, including the brain, lungs, liver, and other
visceral organs (7). While surgical removal of primary melano-
mas is highly successful in eradicating disease prior to metastasis,
many melanoma patients are not diagnosed until later stages of
malignant disease. In these cases, surgery is often not possible or
is largely ineffective (8). Moreover, traditional therapies such as
chemotherapy and radiation also exhibit limited efficacy against
malignant melanoma and are characterized by variable response
rates, lack of durable responses, toxicity, and minimal impact
on survival (9, 10). In recent years, important insights into the
basic biology of melanoma progression have led to the develop-
ment of several targeted therapies that have shown promise in
the treatment of metastatic melanoma patients. In particular,
vemurafenib, trametinib, dabrafenib, and other inhibitors of the
BRAF-MEK signaling pathway that is hyperactive in melanoma
patients bearing BRAFV®’ mutations have proven superior to
traditional chemotherapy in terms of both antitumor activity
and clinical outcome (11-13). Unfortunately, drug resistance
to BRAF or MEK inhibitors often develops within the first year
of treatment and is accompanied by disease progression in
many melanoma patients (14-16). While combination therapy
with BRAF-MEK inhibitors delays melanoma progression
and improves overall survival as compared to monotherapy,
development of multi-drug resistance still leads to disease
relapse in many patients (17, 18). A similar story has unfolded
with regard to even the most promising immunotherapies for
melanoma. Checkpoint blockade therapies with monoclonal
antibodies targeting inhibitory receptors such as CTLA-4 and
PD-1 on CD8* T lymphocytes have been developed to over-
ride cell intrinsic mechanisms that limit overstimulation of
T cells and have dramatically improved both antitumor T cell
function and clinical responses in melanoma patients. Both
monotherapy and combinatorial approaches with nivolumab
(anti-PD-1), pembrolizumab (anti-PD-1), and ipilimumab
(anti-CTLA-4) have been promising, with reports of complete
and objective responses in as high as 22 and 61% of melanoma
patients, respectively (19-26). Despite these successes, though,
many melanoma patients do not respond to these therapies,
and others often experience disease relapse in as early as the
first few months of treatment (27-29). Likewise, adoptive cell
transfer (ACT) therapies that employ either naturally occurring
tumor-infiltrating lymphocytes or genetically engineered T lym-
phocytes have produced complete tumor regression in as high as
25% of melanoma patients, though many other patients receive
no clinical benefit from these regimens (30, 31). Therefore, while
recent advances in the treatment of metastatic melanoma are
encouraging, it is critical that we continue to explore strategies
that will expand treatment options and optimize clinical out-
come for patients with this disease.

Dendritic cells (DCs) have long been appreciated for their
roles in the induction and maintenance of antitumor immune
responses and are known to be critical regulators of both antitu-
mor immune activation and immune tolerance. This dichotomy
is highlighted by the variable outcomes of early trials employ-
ing DC-based therapies in melanoma patients. While tumor
vaccines targeting host antigen (Ag)-presenting cells in situ or
utilizing exogenous tumor Ag-loaded DC induced immunogenic
responses that correlated with clinical benefits in a modest per-
centage of patients (32-35), many patients exhibited no clinical
response to these therapies, and some immunization maneuvers
even led to diminished tumor-specific T cell responses and the
induction of immune tolerance, thereby potentially exacerbating
disease progression (36, 37). Lessons learned from these first-
generation cancer vaccines guided second-generation vaccina-
tion strategies that aimed to improve upon previous failures by
(1) targeting tumor Ag to particular DC subsets in situ or (2)
employing maturation cocktails to promote the immunostimu-
latory activity of exogenously generated monocyte-derived
DCs. In addition to pulsing these latter DCs with recombinant
synthetic peptides or tumor cell lysates, other approaches for
tumor Ag loading onto exogenous DCs were also explored,
including RNA/DNA electroporation and fusion of tumor cells
to DCs. Details of these approaches have been described more
extensively in recent reviews (38-40), and their translation to the
clinic is highlighted in a recent Trial Watch (41). In brief, despite
the improved immunogenicity of many of these approaches, they
have unfortunately not been met with the success of checkpoint
blockade and ACT therapies, and objective response rates have
rarely exceeded 15%. Nevertheless, significant efforts in recent
years have further improved our understanding of factors that
regulate DC function in the context of cancer, and insights from
this work have suggested novel strategies for improving the
immunogenicity of both endogenous and exogenous DC. At the
same time, advances in genetic engineering and other approaches
that enable the manipulation of DC function are spearheading
the translation of this basic research on DC immunobiology
into novel clinical applications. Together, these findings have
reinvigorated the pursuit of cutting-edge approaches that take
advantage of the potential of DC as potent stimulators of robust,
targeted antitumor immune responses, offering great promise for
the future of DC-based cancer immunotherapies.

NEXT-GENERATION DC-BASED
IMMUNOTHERAPY FOR MELANOMA

Although first- and second-generation DC vaccines, as well as
other tumor Ag-based vaccines, have not yielded significant
clinical benefit in a large percentage of melanoma patients to
date, their relatively good safety profiles and ability to induce
antitumor immune responses in some patients have encouraged
the pursuit of next-generation melanoma vaccines that aim to
improve upon the previous limitations of DC-based immu-
notherapy for this cancer. A major focus of one class of next-
generation DC vaccines is the utilization of naturally occurring
DC subsets, which differs from the artificial ex vivo generation
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of monocyte-derived and CD34* precursor-derived DC that
predominated both first- and second-generation DC vaccination
protocols. Though large clinical trials are needed to define which
DC subsets provide optimal therapeutic efficacy in particular
settings, early trials with plasmacytoid DC (pDC) and CDIc*
myeloid DC (mDC) have both shown promise in melanoma
patients. Intranodal injection of pDC that had been activated
and pulsed with melanocyte differentiation Ag-derived peptides
into tumor-free lymph nodes of patients with distant metastatic
melanoma-induced Ag-specific CD8* T cell responses in nearly
50% of patients, and although the sample size was too small to
make definitive assessments of clinical efficacy, a comparison
of clinical outcomes for these patients versus matched control
patients undergoing dacarbazine chemotherapy suggest vac-
cination benefits for both progression-free survival and overall
survival (42). Likewise, immunization of stage IIIc/ITV melanoma
patients with autologous, peptide-pulsed CD1c* mDC promoted
Ag-specific CD8* T cell responses in 33% of tested patients and
induced long-term progression-free survival (12-35 months) in
nearly 30% of patients (43). Other next-generation vaccination
approaches currently being explored include immunization
with tumor-specific neoantigens (either alone or loaded onto
DC) that promote responses against mutated tumor-specific
epitopes (44-46) as well as maneuvers that induce local or
systemic activation of endogenous, tumor Ag-presenting DC
(47, 48). These next-generation DC-based vaccines and the ways
in which they might be incorporated as part of combinatorial
regimens into the current cancer immunotherapy landscape that
is being dominated by checkpoint blockade and ACT therapies
have recently been reviewed more thoroughly elsewhere (49).
Importantly, optimization of these next-generation approaches
going forward will require careful consideration of the many
factors that have emerged as regulators of DC function in the
context of cancer. In this regard, this review highlights recent
advances in our understanding of factors that influence DC
function in melanoma immunity, including the immunogenicity
of tumor cell death, immunosuppressive networks within the
tumor microenvironment, tumor-altered immunometabolism,
and microbiome-associated regulation of DC function and
DC-mediated antitumor immunity. Additionally, particular
focus is given to therapeutic strategies building on this knowledge
that aim to improve the quality of next-generation DC-based
immunotherapies for the treatment of melanoma.

INDUCTION OF IMMUNOGENIC CELL
DEATH (ICD) AS A MEANS OF
PROMOTING DC-MEDIATED ANTITUMOR
IMMUNITY

ICD and DC Activation

As one of the primary mediators of immune surveillance, DC
function as key sentinels that aim to maintain homeostasis
within the body, invoking immune tolerance in the steady state
and immune activation in times of stress, such as that which
occurs during a pathogenic infection. In the steady state, DCs
exist as immature, inactivated cells that are highly phagocytic but

tolerogenic in nature, expressing low levels of the costimulatory
molecules and proinflammatory cytokines/chemokines neces-
sary to invoke immune activation and effector cell recruitment
to peripheral tissues. On the other hand, upregulation of these
cell surface and soluble immunostimulatory molecules during
DC maturation and activation promotes the induction of adap-
tive immunity capable of eliminating a particular source of Ag
(50). While it was originally thought that DC maturation and
activation status, and in turn the ability of DC to induce immune
tolerance versus activation, was dictated solely by self/non-self
discrimination (51), more recently, it has become appreciated
that regardless of how self or foreign a source of Ag is, it is the
microenvironmental cues within host tissues that are critical
in driving the “friend or foe” decision made by DC upon Ag
encounter (52). In this way, immature DC that encounter and
phagocytose cells dying naturally from normal turnover can
remove this cellular debris without risking aberrant autoimmune
activation, while those that encounter cells dying from infection
or other forms of stress (such as those ultimately imposed on at
least some of the cancer cells within a growing tumor) receive
“danger signals” that promote their maturation, activation, and
ability to stimulate immune responses to combat the source of
“danger” In the context of cancer, several of these “danger sig-
nals” have now been identified as damage-associated molecular
patterns (DAMPs) (53). These include cell surface calreticulin
and other endoplasmic reticulum (ER) chaperones exposed fol-
lowing the unfolded protein response, autophagy-mediated or
conventional secretion of ATP, interleukin-1f (IL-1p) secretion
as a result of inflammasome signaling, release of high-mobility
group box 1 (HMGBI1), and cell surface exposure/release of
annexin A1, though thislatter protein has been shown to promote
both DC activation (54) and inhibition (55) in different settings,
and its role as a DAMP is controversial. Nucleic acids released
from dying tumor cells are another well-characterized DAMP
that may signal through cytoplasmic sensors such as RIG-I or the
TLR7/8/9-MyD88 pathway to stimulate DC. Additionally, their
induction of type I IFN secretion by dying tumor cells can also
lead to autocrine signals that trigger release of chemokines such
as CXCL10 that promote recruitment of immune cell popula-
tions to the tumor (53, 56). Ultimately, it is the engagement of
these types of DAMPs by pattern recognition receptors on DC
that “alerts” these cells to an ICD and in turn promotes their
stimulation of immune reactivity against “dangerous” immuno-
gens (Figure 1). With this revised understanding of “danger/no
danger” discrimination as the key regulator of immune activa-
tion, inducers of ICD in cancer have become a major area of
investigation because of their potential to promote DC-mediated
antitumor immunity.

Chemotherapy-Driven ICD and Its
Potential for Activation of Endogenous
Tumor-Associated DC

In recent years, a number of anticancer regimens have been
investigated for their ability to induce ICD and enhance
DC-based cancer immunotherapies (57-61). Interestingly, while
it was once thought to be at odds with cancer immunotherapy
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FIGURE 1 | The influence of immunogenic versus non-immunogenic tumor cell death on dendritic cell (DC) maturation/activation and DC-mediated antitumor
immunity. Non-immunogenic tumor cell death does not elicit DC maturation or activation, leaving DC in an immature state in which they either (1) fail to “sense”
tumor cell death and therefore do not acquire tumor antigen (Ag) for presentation to naive T lymphocytes or (2) acquire tumor Ag through phagocytosis and induce
T cell tolerance. On the other hand, immunogenic tumor cell death, which can be elicited by various physical, chemical, and biological modalities, results in the
release of damage-associated molecular patterns (DAMPs) that are recognized by pattern recognition receptors on DC, resulting in the delivery of “danger” signals
that promote the maturation and activation of DC capable of stimulating antitumor T cell activation.
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because of its non-specific targeting of rapidly dividing cells
(which could include not only tumor cells but also lymphocytes
engaged in an antitumor immune response), chemotherapy has
recently been revisited as a means of promoting ICD of tumor
cells. Indeed, a number of chemotherapeutic agents approved
for the treatment of various cancers, including doxorubicin,
oxaliplatin, mitoxantrone, and others, are now known to
induce ICD of some tumor cells (62). Dacarbazine is the only
FDA-approved chemotherapeutic agent for the treatment of
melanoma, and though its use in isolation has not produced
clinical benefits of major significance (63), it has been shown to
promote the efficacy of a peptide-based vaccine for melanoma
patients by enhancing repertoire diversity of Melan-A-specific
CTL (64, 65), suggesting that the benefit of dacarbazine as part
of combinatorial therapy may be derived from its induction of
melanoma ICD. Likewise, mitoxantrone has been implicated in
ICD in an inducible murine model of Braf-driven melanoma,
where the antitumor effects of this chemotherapeutic were
both autophagy- and T lymphocyte-dependent (66). Studies
with other chemotherapeutic agents have demonstrated either
direct immunogenicity of killed melanoma cells or expression/

release of ICD biomarkers by melanoma cells exposed to a
particular drug. In the B16-OVA model, the immunogenicity
of doxorubicin-induced cell death was shown to be dependent
on DC, as depletion of these cells by diphtheria toxin treatment
of mice carrying the diphtheria toxin receptor transgene under
control of the CD11c promoter prevented the accumulation of
OVA,s-specific CD8* T cells that otherwise occurred in the
lymph node draining the injection site. Although the OVA Agin
this model is more akin to a completely foreign oncoviral tumor
Ag, this same study demonstrated in a humanized model of the
B16-F10 murine melanoma cell line that tumor cells treated with
doxorubicin and then injected into HLA-A2 transgenic hosts also
conferred significant protection against a subsequent challenge
with live tumor cells (67). Similarly, CD8* T cell responses were
also elicited against endogenous gp100 Ag in mice immunized
with oxilaplatin-treated, but not live, B16-F10 cells (68). Others
have also shown that lysates from oxaliplatin-treated B16-F10
melanoma cells were found to be immunogenic, conferring par-
tial protection against subsequent challenge with live tumor cells,
and this chemotherapy-driven immunogenicity was associated
with markers of ICD that include cell surface calreticulin and
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release of ATP and HMGBI (69). Proinflammatory cytokines/
chemokines and cell surface heat shock protein 90 (HSP90) are
ICD biomarkers expressed by the human A375 melanoma cell
line following treatment with melphalan, an alkylating agent
whose toxicity against A375 cells promoted DC maturation
in vitro. Similar effects in the murine B78 model were also associ-
ated with bona fide immunogenicity in vivo, as vaccination with
melphalan-treated tumor cells conferred complete protection
against re-challenge with live cells in 40% of mice. Interestingly,
this vaccination effect was independent of HSP90 expression
and could be augmented by coating of melphalan-treated tumor
cells with recombinant calreticulin, which was not otherwise
detectable on the cell surface (70). Together, these data highlight
(1) the potential for artificial delivery of DAMPs to enhance
the immunogenic nature of chemotherapy-killed tumor cells
but also (2) a need to better understand the role of specific ICD
markers in conferring antitumor immunogenicity. Importantly,
it should also be emphasized that the immunogenic potential of
many of these chemotherapeutic agents has been evaluated only
in prophylactic settings, and in order to achieve clinical translat-
ability it will be necessary going forward to determine whether
the immunogenicity of these regimens confers any therapeutic
benefit against established tumors.

Although the expression/release of ICD biomarkers often
correlates with bona fide immunogenicity, as was shown to be
the case in many of the aforementioned studies, detection of
these markers alone is not sufficient to predict immunogenic-
ity of dying tumor cells. For instance, although mafosfamide
treatment induces HMGBI release from both EG7 lymphoma
cells and B16-F10 melanoma, this cyclophosphamide derivative
promotes vaccine-verified ICD only in EG7 lymphoma (71).
In fact, rather than simply failing to induce immunogenicity
in melanoma, cyclophosphamide has actually been suggested
to promote immune suppression. Studies in the Ret transgenic
melanoma model show that although low-dose cyclophospha-
mide induced cell surface calreticulin on skin tumor-derived
Ret cells and enhanced the in vitro maturation of co-cultured
DG, this treatment alone did not produce any survival benefit
in tumor-bearing animals and even led to an accumulation of
myeloid-derived suppressor cells (MDSC) in primary tumors
(72). This is in contrast to the adjuvant effect that cyclophospha-
mide has on a DC vaccine in the MC38 colon carcinoma model,
where its contribution to tumor growth inhibition correlates
with an increase in cytotoxic effector infiltration of tumors and a
decrease in both regulatory T cells (Tregs) and MDSC (73). Such
tumor-specific differences in responsiveness to chemotherapeu-
tic agents remain poorly understood and underscore the need to
gain new insights into factors that influence tumor cell sensitivity
to chemotherapy-driven ICD. Moreover, discrepancies in ICD
biomarker expression and genuine ICD following tumor cell
exposure to chemotherapy drugs highlight both the importance
of vaccination assays as a means of verifying bona fide ICD as well
as the significance of future studies that are necessary to evaluate
the immunologic effects of DAMPs, both individually and in
combination, on DC and DC-mediated immune responses so
that optimal strategies for promoting robust antitumor immu-
nity can be realized.

Non-Chemotherapeutic Induction of ICD
As a Means to Enhance Activation of

Endogenous and Exogenous DC

While the aforementioned studies suggest potential utility for
chemotherapy-driven ICD in promoting the immunogenicity
of endogenous DC, whether this mode of ICD induction can be
successful in enhancing the vaccination efficacy of exogenous DC
is less clear. Combination therapy with cyclophosphamide and
an autologous tumor Ag-pulsed DC vaccine has shown promise
in a phase II study enrolling metastatic melanoma patients with
progressive disease, but although cyclophosphamide’s effect was
shown not to be the result of Treg depletion, whether its adjuvant
effect was the result of ICD induction is not clear (74). Another
recent phase I study has demonstrated that intratumoral injection
of IFNa-differentiated unloaded autologous DC 1 day following
dacarbazine treatment is associated with induction of tumor-
specific CD8* T cell responses and stabilization of disease in a
small cohort of stage IV melanoma patients (75). Despite these
hints of success, though, there is concern by many investigators
that multiple cycles of chemotherapy are incongruent with the
potential immunologic benefits of DC vaccination due to the
lymphoablative effects of such drugs. Moreover, chemotherapeu-
tic induction of ICD in tumor cells prior to Ag loading of DC
during the production of vaccines has the potential for cytotoxic-
ity against DC and could lead to the unintended administration
of residual chemotherapeutics to vaccinated patients (49).

A number of non-chemotherapeutic interventions that over-
come these limitations have been investigated for their ability
to induce ICD of melanoma. Various antimicrobial/oncolytic
peptides have been shown to trigger DAMP release by killed
melanoma cells and promote antitumor immune responses (76,
77). Oncolytic virus therapies that take advantage of the tumori-
cidal potential of measles virus, vaccinia virus, and reovirus have
all been shown to induce melanoma ICD as well. Specifically,
studies with these oncolytic viruses have shown that infected
human melanoma cells or tumor-conditioned media from these
cells promote the maturation of mDC in vitro (78-80), and Zhang
et al. have shown in a murine model that an oncolytic adenovirus
co-expressing IL-12 and GM-CSF enhances the immunogenicity
and antitumor efficacy of a bone marrow-derived DC (BMDC)
vaccine (81). Although ICD in the context of targeted therapy
for melanoma has not been thoroughly investigated, one study
has shown that vemurafenib can promote cell surface exposure
of calreticulin and HSP90 on various human melanoma cell
lines. This same study also demonstrated that MEK inhibition
could trigger exposure of these ICD biomarkers on the surface
of vemurafenib-resistant melanoma cells, and tumor cells pre-
treated with these targeted drugs were able to promote the matu-
ration of co-cultured DC (82). Based on these findings, it will
be of interest going forward to assess how cancer immunization
strategies might be coupled with targeted therapy to invoke anti-
melanoma immune responses following drug-induced tumor
cell death, an outcome that could result in immune-mediated
eradication of tumor cells that might otherwise eventually
acquire drug resistance. Finally, physical modalities that disrupt
tumors, such as radiation, photodynamic therapy (PDT), high
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hydrostatic pressure, and hyperthermia, have been investigated
for their ability to induce ICD-mediated activation of DC. Many
of these approaches have been incorporated into DC vaccination
setups and are currently being assessed in clinical trials for pros-
tate cancer, ovarian cancer, and head and neck squamous cell
carcinoma (83). However, melanoma resistance to many of these
modalities has made their incorporation into combinatorial
DC-based therapies a particular challenge. Melanoma’s relative
resistance to radiotherapy is well-documented (84), and many
melanomas are also resistant to PDT as a result of optical inter-
ference by melanin in pigmented tumors, the antioxidant effect
of melanin, sequestration of photosensitizers in melanosomes,
and other mechanisms (85). Nevertheless, interest remains in (1)
exploring strategies that might sensitize melanoma cells to these
physical modalities and (2) identifying particular patient popu-
lations whose melanomas might be more susceptible to these
types of physical disruptions. For instance, there is evidence that
depigmented melanomas are more susceptible to PDT, meaning
that at least a subset of melanoma patients might benefit from
PDT/DC-based combination therapies, and interventions that
result in even temporary depigmentation of melanomas have
the potential to increase the percentage of patients who may
benefit from such combinatorial regimens (86). Along with the
diverse repertoire of ICD inducers known to be effective against
melanoma (Table 1), ongoing efforts to refine the use of physi-
cal modalities for tumor destruction will increase the array of
weapons that exhibit not only direct antitumor activity but also
the ability to boost immune reactivity against living melanoma
cells, thus doubling the impact of therapy. Importantly, further

optimization of therapeutic strategies with these and newly dis-
covered ICD inducers in the future offers promise for enhancing
not only naturally generated antitumor immune responses in
melanoma patients but also DNA/RNA- and peptide/protein-
based melanoma vaccines whose immunogenicity relies on
endogenous DC to process and present Ag to tumor-specific
T lymphocytes. Moreover, as is already being done with some
of the aforementioned inducers of melanoma ICD, investigat-
ing how ICD inducers might maximize the immunogenicity of
exogenous DC, either through ex vivo activation of these cells
prior to immunization or through in vivo maintenance of their
immunogenicity following infusion, will likely improve the qual-
ity and outcome of antitumor immune responses achieved by DC
vaccines in future melanoma patients.

INTERFERING WITH
IMMUNOSUPPRESSIVE NETWORKS THAT
IMPAIR THE FUNCTION OF TUMOR-
ASSOCIATED DC

Melanoma-Associated Suppression
of DC Differentiation

A significant body of evidence now exists demonstrating that
tumor cells as well as other immunosuppressive cell populations
that accumulate within the tumor microenvironment produce a
variety of factors that alter the function of DC (87). In the context
of melanoma, such factors have been shown to interfere with the

TABLE 1 | Inducers of immunogenic cell death (ICD) in melanoma.

Model system ICD biomarker(s) Bona fide ICD? Reference
Chemotherapies
Doxorubicin B16-F10 Not determined Yes 67)
Oxilaplatin B16-F10 Calreticulin, ATP, high-mobility group box 1 (HMGB1) Yes (68, 69)
Melphalan A375 IL-8, CCL2, heat shock protein 90 (HSP9O0) Not tested (70)
B78 HSP90 Yes
Lidamycin B16-F1 Calreticulin Yes (207)
R2016 heterocyclic quinone B16-F10 Calreticulin, HMGB1, HSP60, HSP70, HSP90 Not tested (208)
Ginsenoside Rg3 B16-F10 Calreticulin, HSP60, HSP70, HSP9O Not tested (209)
Antimicrobial/oncolytic peptides
LTX-315 B16-F1 HMGB1 Not tested (76)
LTX-401 B16-F1 HMGBH1, ATP, cytochrome ¢ Not tested (77)
Oncolytic viruses
Measles virus Primary melanoma cells IL-6, IL-8 Not tested (78)
Mel888, Mel624, MeWO, SkMel28 IL-6, IL-8, type | IFN, HMGB1
Vaccinia virus SK29-MEL HMGBH, calreticulin (strain-dependent) Not tested (79)
Reovirus (type 3 Dearing strain) Mel888, Mel624, MeWO, SkMel28 Proinflammatory cytokines (cell line-dependent) Not tested (80)
Targeted therapies
Vemurafenib A375, 451-LU, M1617 Calreticulin, HSP90 Not tested (82)
U0126 (MEK inhibitor) A375, 451-LU, M1617 Calreticulin, HSP90 Not tested (82)
Bortezomib A375, 451-LU, M1617 Calreticulin, HSP90 Not tested (82)
Physical modalities
Hyperthermia =+ ionizing radiation B16-F10 HMGB1, HSP70 Not tested (210)

2Bona fide ICD can be verified only in murine tumor models, as it is determined by vaccination assays in which tumor cells killed by a particular agent in vitro are tested for their ability
to invoke protective immunity against subsequent re-challenge with live tumor cells. ICD biomarkers are indicated only if detected in a context appropriate for ICD (i.e., cell surface
calreticulin and heat shock proteins, secreted ATP and HMGB1, etc.).
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development of DC from hematopoietic precursors, to suppress
the maturation and activation of already-differentiated DC, and
to induce the differentiation of regulatory DC with tumor-pro-
moting functions. In terms of DC development, hyperactivation
of the STAT3 and MAPK signaling pathways has been observed
in progenitors that fail to differentiate into DC in the presence of
melanoma-derived factors (88), and several groups have identi-
fied specific inhibitors contributing to melanoma-associated sup-
pression of DC differentiation. Cyclooxygenase (COX)-derived
prostanoids in primary melanoma-conditioned media have been
shown to inhibit the differentiation of DC from both mono-
cytes and CD34* progenitors (89). Likewise, gangliosides from
human melanoma tumors impair the differentiation of DC from
monocytic precursors and promote the apoptosis of monocyte-
derived DC (90). A similar apoptotic effect of melanoma-derived
gangliosides has also been observed on epidermal Langerhans
cells (91). In addition to inhibiting the generation and viable
maintenance of distinct DC subtypes, melanoma-derived factors
can also skew the differentiation of DC precursors toward other
myeloid populations with immunosuppressive function. For
instance, TGFp1 in B16-F10 tumor-conditioned media is capable
of preventing DC differentiation from bone marrow precursors
and instead drives MDSC differentiation through upregulation of
the Id1 transcriptional regulator (92). COX-2-driven prostaglan-
din E2 (PGE,) in supernatants of cultured human melanoma cell
lines can also promote MDSC differentiation from monocytes
(93). Alternatively, macrophages capable of suppressing CD4*
and CD8" T cell proliferation have been differentiated from
monocytes cultured in conditioned media from both metastatic
and non-metastatic human melanoma cell lines (94), and IL-10,
which can be secreted at high levels by melanomas (95), has been
shown to promote the trans-differentiation of monocyte-derived
DC into tolerogenic CD14* BDCA3* macrophage-like cells simi-
lar to those known to be enriched in melanoma metastases (96).
As immunosuppressive M2-like tumor-associated macrophages
often accumulate in melanoma-bearing hosts (97-99), it is inter-
esting to speculate that these cells may arise from an influence of
tumor-derived factors on the differentiation of DC in vivo as well.
Taken together, these influences of melanoma-derived factors on
DC differentiation cannot only interfere with Ag presentation
and the induction of anti-melanoma immune responses, but they
can also lead to active suppression of such immune responses
against melanoma.

Melanoma-Associated Suppression

of DC Maturation and Activation

In addition to its influence on the differentiation of DC, mela-
noma has also been shown to modulate the maturation/activa-
tion of already-differentiated DC as well. Importantly, although
the presence of mature DC within tumors and tumor-draining
lymph nodes is a positive prognostic factor in melanoma patients,
immature DC are often enriched in both melanoma lesions and
tumor-draining lymph nodes of hosts with progressive disease
(100-104), thus highlighting the significance of DC matura-
tion status as a key determinant of the immunologic control of
melanoma progression. Immune dysfunction stemming from
melanoma-associated effects on DC maturation and activation

may result from defects in Ag processing and presentation (103,
105, 106) as well as diminished expression of costimulatory
molecules and immunostimulatory cytokines, such as IL-12
(107-109). While an immature phenotype of tumor-associated
DC may reflect a simple failure of tumor cells to support DC
maturation and activation, active regulation of these processes by
melanoma-derived factors has also been documented by several
investigators. We have shown that tumor-conditioned media from
murine melanoma cell lines suppresses costimulatory molecule
expression and alters cytokine/chemokine expression profiles of
multiple LPS-treated DClines (110, 111), and our recent work has
extended these observations to tissue-resident DC as well (99).
This latter study has shown that the extent to which DC func-
tion is altered by melanoma-derived factors is tumor-dependent,
such that LPS-induced costimulatory molecule expression on
splenic DC-stimulated ex vivo as well as on lung tissue-resident
DC in mice harboring melanoma lung metastases is suppressed
by the rapidly progressing B16-F1 melanoma but not the poorly
tumorigenic D5.1G4 melanoma. Moreover, we found that altera-
tions to cytokine/chemokine expression profiles by DC in these
systems also correlated with melanoma tumorigenicity and were
partially driven by tumor-derived TGFp1 and VEGF-A. Others
have reported that immature tumor-infiltrating DC isolated from
B16-F0 tumors are refractory to ex vivo stimulation with a cock-
tail of maturation stimuli but can be induced to undergo matu-
ration following stimulation in the presence of an anti-IL-10R
neutralizing antibody (112). Recently, Zelenay et al. employed
CRISPR-Cas9 gene editing technology to demonstrate that COX-
derived PGE; in a BRAFV®*® melanoma cell line also suppresses
costimulatory molecule expression on CD103* and CD103—,
CD11b* tumor-infiltrating DC as well as IL-12p40 expression by
the CD103* DC subset (113). In addition to these studies that
have elucidated roles for extrinsic tumor-derived factors in the
regulation of DC maturation and activation, studies from oth-
ers have provided insights into dysregulated signaling pathways
within tumor-associated DC that impact these processes as well.
Upregulation of p-catenin, which has been reported in DC that
mature but that fail to fully activate and secrete proinflammatory
cytokines (114), has been observed both in DC from lymph nodes
draining B16-F10 tumors and in splenic DC cultured with B16-
F10-conditioned media, and its induction in tumor-associated
DC suppresses their ability to cross-prime CD8" T cells (115).
Similarly, impaired DC activation as measured by IL-12 secretion
has been associated with hyperactivation of both the STAT3 and
MAPK signaling pathways in monocyte-derived DC exposed to
conditioned media or tumor lysates from human melanomas (108,
116). Most recently, upregulation of the microRNA miR148-a in
tumor-associated DC was shown to impair TLR-mediated matu-
ration by suppressing expression of the DNA methyltransferase
DNMT1, which in turn led to hypomethylation of the SocsI gene
and upregulation of the SOCS1 TLR signaling suppressor (117).

Melanoma-Associated Induction

of Regulatory DC Function

Beyond limitations on the Ag processing/presentation and
maturation/activation capacity of DC that can preclude induc-
tion of antitumor immunity and lead to tumor immune tolerance,
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respectively, melanoma-derived factors have also been shown
to trigger development of regulatory DC with various tumor-
promoting functions. Such DCs have been shown to contribute
to tumor angiogenesis (118), the development and recruitment
of immunosuppressive Tregs (119-121), and the direct suppres-
sion of CD4* and CD8* T cells (122, 123). Importantly, several
studies have now provided mechanistic insights into both the
induction of regulatory DC and the tumor-supporting activities
mediated by these cells. One study has reported upregulation
of the PD-L1 co-inhibitor that dampens CD8" T cell effector
function on tumor-infiltrating DC in the B16-F10 model (124).
Another study has shown that melanoma-derived IL-10 and
other unidentified factors contribute to an IL-12'°%, IL-10he"
phenotype in monocyte-derived DC capable of inducing CD4*
CD25% FOXP3* Treg development (125), and tumor-derived
IL-6, VEGE and TGFp1 have all been implicated in the induc-
tion of IL-12"*, IL-10"¢" DC in the spontaneous Ret murine
melanoma model (126). Differentiation of IL-10-producing
regulatory DC has also been shown to be driven by autocrine
IL-6/IL-10 signaling through STAT3 in DC, which is initiated
by melanoma-derived factors that activate the TLR2 signaling
pathway in these cells (127). Additionally, Treg expansion in
melanoma can also be driven by TGFp1-producing regulatory
DC (128). Still others have found that regulatory DCs produce
enzymes that diminish the availability of metabolites crucial for
T cell activation, thereby inducing metabolic suppression of anti-
melanoma immunity. In particular, mDC that were imprinted by
ER stress in melanoma cells suppressed CD8* T cell proliferation
via secretion of the arginine-depleting enzyme arginase I (123),
and melanoma-educated regulatory DCs have also been found
to suppress CD4* T cell proliferation in an arginase-dependent
manner (122). Likewise, tryptophan catabolism by indoleamine
2,3-dioxygenase (IDO)-producing regulatory pDC recovered
from melanoma-draining lymph nodes is associated both with
suppression of CD8" T cells (129) and with activation of CD4*
Tregs (130). In addition to this IDO-mediated regulation of
anti-melanoma immunity, regulatory pDC have also been shown
to drive Tu2 and Treg differentiation of CD4* T cells through
cell-cell interactions via OX40L and ICOSL, respectively (131).

Strategies to Overcome Melanoma-

Associated Dysregulation of DC Function

While the previously described studies highlight diverse mecha-
nisms by which melanoma may subvert DC-mediated antitumor
immunity, insights into melanoma-altered DC function have
suggested novel strategies for improving DC-based immuno-
therapies for this cancer (Figure 2). To overcome the paucity and
poorly immunogenic nature of DC within melanoma lesions,
strategies to increase tumor infiltration by DC and promote their
activation in situ have shown promise in murine melanoma mod-
els. Salmon et al. recently demonstrated that systemic administra-
tion of Flt3L expanded and mobilized CD103* DC progenitors
from the bone marrow and led to the accumulation of immature
CD103* DC within tumor masses, and subsequent injection of
polyL:Cintratumorally induced local maturation of these cells and
enhanced their ability to recruit and activate melanoma-specific

effector CD8* T cells, leading to tumor regression (47). Similar
findings were recently reported by Sanchez-Paulete et al., who
demonstrated that Flt3L-mobilized Batf3-dependent DC acti-
vated by poly-ICLC synergized with anti-CD137 and anti-PD-1
monoclonal antibody therapy to promote Ag-specific CD8" T cell
cross-priming and tumor control (132). Likewise, Tzeng et al.
found that administration of IFN« (as well as other DC matura-
tion stimuli) after treatment of melanoma-bearing mice with a
combination therapy that mediates tumor Ag release enhanced
the cross-presentation and cross-priming activities of CD8a* DC
in tumor-draining lymph nodes (133). Importantly, although this
maneuver led to complete regression of established tumors in a
large percentage of mice, minimal benefit was observed when IFNa
was administered either before or concomitantly with combina-
tion therapy, as the loss of phagocytic capacity that accompanied
CD8a* DC maturation at these early times limited the ability of
these cells to acquire tumor Ag later released as a result of therapy.
These data thus highlight the importance of treatment schedule
and the temporal programming of DC maturation/activation in
combinatorial approaches that rely on endogenous DC to trigger
therapy-associated antitumor immune responses. Early clinical
studies demonstrating that it is also possible to directly manipu-
late the frequency and maturation status of endogenous DC in
melanoma patients have also reinforced the need for optimizing
strategies to maximize the immunogenicity of these cells. For
instance, local administration of a mix of CpG-B and GM-CSF at
the site of primary melanoma excision resulted in the maturation
of both pDC and conventional DC as well as an increase in the
frequency of cross-presenting BDCA3* CD141* DC in sentinel
lymph nodes, and this approach enhanced the frequency of
melanoma Ag-specific CD8* T cells in these nodes and reduced
the frequency of lymph node metastasis (134, 135). At the same
time, though, this approach also enhanced the suppressive activ-
ity of CD4" Tregs in sentinel lymph nodes, suggesting that further
optimization of this regimen may enable more robust antitumor
immunity and even better clinical results. The identification of
optimal DC stimulation cocktails and the implementation of
combinatorial regimens that offset the deleterious activities of
in situ-stimulated DC are therefore critical areas of investigation
that may drive the development of more efficacious anti-mela-
noma immune therapies in the future. Moreover, advances in
targeted delivery of therapeutics to endogenous DC, such as those
that have already been achieved with IDO siRNA-encapsulated
mannosed liposomes (136) and polypeptide micelle-based
nanoparticles incorporating an miRNA148-a inhibitor (117),
will enable selective reprogramming of melanoma-associated
DC into potent stimulators of antitumor immune responses and
likely improve the outcome of immunotherapy for melanoma
patients going forward.

In contrast to strategies aimed at improving the immuno-
genicity of endogenous melanoma-associated DC, approaches
to enhance the immunostimulatory capacity of exogenous DC
have also improved the efficacy of many melanoma vaccines. For
example, strategies that provide immune stimulating support
for exogenous DC, such as the introduction of IL-6 or IL-21
transgenes into BMDC (137, 138) or the co-administration of
oncolytic adenovirus engineered to express immune stimulators
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FIGURE 2 | Melanoma-associated dendritic cell (DC) dysfunction and therapeutic interventions to enhance DC-mediated anti-melanoma immune responses.
Melanoma interferes with the function of DC by numerous mechanisms, including induction of DC apoptosis, blocking/altering DC development from hematopoietic
precursors, suppressing DC maturation/activation, and driving the differentiation of tumor-promoting regulatory DC (left). Insights into these mechanisms of
melanoma-altered DC dysfunction have informed strategies to augment DC-mediated anti-melanoma immune responses. These strategies include approaches that
mobilize and stimulate endogenous DC, interventions that impede the production or action of immunosuppressive factors released by melanoma and associated
cells in the tumor microenvironment, and regimens that employ exogenous DC that have been manipulated to resist suppressive elements and stimulate robust

antitumor immunity (right).

such as IL-12 and GM-CSF (64, 119), have been shown to sig-
nificantly improve vaccine efficacy, resulting in complete regres-
sion of established melanomas in some cases. Combinatorial
approaches that aim to neutralize the effects of tumor-derived
factors on exogenously administered DC, such as local siRNA-
mediated silencing of TGFp1 at the tumor site (139), have also
been effective. Alternatively, manipulation of exogenous DC prior
to immunization by gene-silencing approaches can promote the
immunostimulatory capacity of these cells in two ways. First,
silencing the expression of genes involved in signaling pathways
that limit the immunostimulatory function of melanoma-associ-
ated DC can prevent their immunosuppression by tumor-derived

factors. In this regard, vaccines employing SOCS1-silenced DC
improve the control of established B16 melanoma (140, 141), a
finding that offers exciting proof-of-principle for this approach
and that suggests the silencing of other immunosuppressive sign-
aling molecules often dysregulated in melanoma-altered DC, such
as STAT3 and fB-catenin, may also improve the antitumor efficacy
of DC vaccines for melanoma. Second, silencing the expression of
suppressive factors known to be released by melanoma-induced
regulatory DC can prevent conversion of exogenous DC from
immune activating cells to immunosuppressive ones. Indeed, vac-
cination of mice with IDO-silenced DC confers partial protection
against B16 melanoma (142), and a recent case report has revealed
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immunologic and clinical benefits of an IDO-silenced DC vac-
cine in a melanoma patient (143). Similarly, in vitro studies have
shown that IL-10-silenced human mDC are better able to elicit
CTL activation against an antigenic epitope of MART-1 (144),
suggesting that immunization with such DCs might improve
antitumor immunity in melanoma patients as well. Altogether,
these and related strategies for improving the function of DCs
in the context of melanoma offer exciting promise for DC-based
immunotherapies designed to overcome melanoma-imposed
limitations on these cells and the antitumor immune responses
they mediate.

OVERCOMING METABOLIC
CONSTRAINTS ON DC FUNCTION WITHIN
THE TUMOR MICROENVIRONMENT

Metabolic Reprogramming of DC and
Tumor Cells

The emerging role of immunometabolism in the regulation of DC
function in recent years has revealed new mechanisms by which
tumors may subvert DC-mediated antitumor immunity. Indeed,
beyond the aforementioned mechanisms of tumor-associated
immunosuppression of DC, metabolic suppression of DC in
the tumor microenvironment is now recognized as a significant
barrier to DC function, which is controlled by key metabolic
pathways regulating the bioenergetic and biosynthetic needs
of these cells. While immature DC in the steady state rely on
fatty acid oxidation and oxidative phosphorylation (OXPHOS)
as their primary modes of metabolism, TLR-stimulated DC
undergo a metabolic switch to aerobic glycolysis within minutes
of the maturation and activation process (145). This early switch
to glycolytic metabolism provides a source of carbon for the
pentose phosphate pathway and tricarboxylic acid (TCA) cycle,
both of which produce intermediates for fatty acid synthesis
needed to support the expansion of membrane mass for the ER
and Golgi apparatus, thus allowing DC to meet the demands of
protein synthesis, transport, and secretion that are associated
with maturation/activation (146). Long-term commitment to
glycolytic metabolism in activated DC then fuels ATP production
and survival in the face of decreasing mitochondrial metabolism,
which results from OXPHOS inhibition by nitric oxide in inflam-
matory DC (147) and from autocrine type I IFN induction of the
HIFla transcription factor that blocks mitochondrial respiration
in conventional DC (148). Interestingly, metabolic suppression
of tumor-associated DC is often a consequence of metabolic
reprogramming in tumor cells themselves, which are driven by
the activation/deactivation of oncogenes/tumor suppressor genes
and harsh environmental conditions (such as hypoxia) to switch
from OXPHOS to glycolysis as the primary mode of metabolism,
in this case to support the energy and biosynthetic demands of
rapidly proliferating cells. Indeed, even under normoxic condi-
tions, tumor cells are reprogrammed for a primarily glycolytic-
based mode of energy production (aerobic glycolysis, otherwise
known as the “Warburg effect” in tumor cells), thus allowing
intermediates of the glycolytic pathway to function as important
metabolites for macromolecule biosynthesis by mitochondria no

longer relied as heavily upon for OXPHOS (149-151). Therefore,
as metabolically reprogrammed tumors grow, their increasing
demand for glucose consumption contributes to an environment
that is metabolically hostile to infiltrating DC and other immune
cell populations, with competition for limiting nutrients and
accumulation of toxic metabolic byproducts released by tumor
cells into the extracellular space both impairing immune system
function.

Metabolic Suppression of DC in the

Context of Melanoma

In melanoma, metabolic rewiring for glycolysis may be driven
by multiple signaling pathways, including BRAF-driven MAPK
hyperactivation that negatively regulates OXPHOS (152) and
PI3K/AKT/mTOR/HIFla signaling that positively regulates
glycolysis (153). These signaling pathways induce expression
of glucose transporters as well as enzymes that favor glycolytic
metabolism, such as lactate dehydrogenase A (LDHA) that con-
verts the glycolysis end-product pyruvate into lactic acid, thus
diverting pyruvate from utilization in the TCA cycle as fuel for
OXPHOS (154). Importantly, depletion of glucose in the tumor
microenvironment by melanomas exhibiting high glycolytic
activity may impair glycolysis, and in turn ATP production,
in tumor-infiltrating DC. Such effects may alter the AMP:ATP
ratio in DC and lead to AMP-mediated activation of the nutri-
ent/energy sensor AMPK (155), which is known to promote
OXPHOS and suppress mTOR and HIFla signaling (156-158),
thus further contributing to the negative regulation of glycolysis
in these cells. Beyond the effects of glucose deprivation in the
tumor microenvironment on DC function, buildup of lactic acid
in the extracellular space of glycolytically active melanomas can
also suppress DC. In this regard, melanoma-derived lactic acid
inhibits the differentiation of monocyte-derived DC and sup-
presses IL-12 production by previously differentiated monocyte-
derived DC stimulated with LPS in vitro (159). Although the
mechanism by which lactic acid influences tumor-associated
DC function has yet to be elucidated, there is speculation that
altered membrane transport in the lactate-rich tumor microen-
vironment might contribute to its suppressive effect (160, 161).
Because lactate is transported passively by facilitated diffusion
through monocarboxylate transporters, high levels of extracel-
lular lactate within the tumor microenvironment might promote
import of melanoma-derived lactic acid into DC while at the
same time precluding export of lactic acid produced within DC
also undergoing aerobic glycolysis, leading to a buildup of lactate
within DC that impairs the glycolytic flux necessary to maintain
an activated phenotype. Alternatively, lactate was recently shown
to inhibit macrophage activation by binding to the GPR81 lactate
receptor and suppressing TLR signaling (162), and it is possible
that this pathway might also contribute to lactate-associated
suppression of DC stimulated by tumor-derived DAMPs. Finally,
evidence is emerging that suppression of glycolysis in DC is not
merely a consequence of the metabolic limitations imposed by
glycolytically active tumor cells, as tumor-derived immunosup-
pressive cytokines have also been shown to alter DC metabolism.
For instance, IL-10 was found to suppress the metabolic switch

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1594


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Hargadon

DC-Based Immunotherapy for Melanoma

to aerobic glycolysis in LPS-stimulated DC by antagonizing
TLR ligand-mediated hypophosphorylation of AMPK (145).
Similarly, IL-10 is known to promote Socs3 gene expression
(163), and melanoma-associated DC have been found to exhibit
SOCS3-mediated inhibition of the M2 pyruvate kinase (PKM2)
that catalyzes conversion of phosphoenolpyruvate into pyruvate
in the final step of glycolysis (164).

In addition to the key role played by glycolytic metabolism in
the activation of DC, the metabolism of fatty acids has also been
shown to be an important regulator of DC function. Although
lipid synthesis is important for ER and Golgi biogenesis during
DC activation, the accumulation of lipids in DC in the context
of cancer is often associated with immune dysfunction. In
particular, Herber et al. demonstrated that several species of
triglycerides accumulate in DC cultured with various tumor
explant supernatants, including that of B16-F10 melanoma, and
that high lipid content in tumor-associated DC impaired tumor
Ag processing and cross-presentation (165). Interestingly,
DC cultured with tumor-derived supernatant also exhibited
increased expression of the scavenger receptor MSR1, suggest-
ing that the accumulation of lipids in these DCs might arise from
tumor-derived factors that promote DC uptake of fatty acids in
the form of lipoproteins, as triglycerides are typically not taken
up by DC but can be synthesized from lipoprotein precursors
within cells. Subsequent studies revealed that lipid accumulation
in tumor-associated DC defective in cross-presentation resulted
from an increase in polyunsaturated fatty acids, particularly
linoleic acid and to a lesser extent arachidonic acid, and that
DC isolated from tumor-bearing mice or exposed to tumor
explant supernatants in vitro exhibited significantly higher
levels of oxidized free fatty acids and oxidatively truncated
triglycerides (166). Of note, these DC did not exhibit oxidation
of phospholipids that would be a major component of ER and
Golgi membranes. These data may therefore explain the appar-
ent discrepancy between the need for DC to undergo de novo
lipogenesis to support ER and Golgi biogenesis during activation
and the dysfunction that results from lipid accumulation in the
context of tumors, suggesting that it is the nature and oxidation
status of the fatty acids accumulating in tumor-associated DC
that is detrimental to their function. Indeed, oxidized fatty acids
have been shown to inhibit DC maturation through binding
and activation of the peroxisome proliferator-activated receptor
PPARYy, which promotes fatty acid synthesis and storage (167).
Additionally, others have reported that lipid peroxidation by
reactive oxygen species within tumor-associated DC yields
byproducts that upregulate the ER stress sensor XBP1, which
activates genes involved in the biosynthesis and accumulation
of triglycerides known to be linked with DC dysfunction (168).
Altogether, these studies reveal the complex regulation of lipid
metabolism that controls DC function, and they highlight how
factors in the tumor microenvironment can alter this process to
ultimately promote tumor immune escape.

While alterations to glycolysis and lipid metabolism impair
tumor-associated DC function by influencing how major macro-
molecules necessary for cell survival and activation are utilized,
other metabolites that frequently accumulate in the tumor
microenvironment are also known to compromise the function

of DC and DC-mediated immune responses. Adenosine is a par-
ticularly well-characterized metabolite that accumulates in the
extracellular space of many tumors, including melanoma (169).
Although ATP released from tumor cells may serve as a DAMP
to promote DC activation (see Induction of Immunogenic Cell
Death (ICD) as a Means of Promoting DC-Mediated Antitumor
Immunity), melanoma cells often express on their surface the
CD39 and CD73 ectonucleotidases that hydrolyze ATP into
adenosine (170-172), thereby leading to its buildup in the tumor
microenvironment. In addition to its role in the suppression of
T cell signaling (173) and immunosuppressive activity of Tregs
(174), adenosine has also been shown to impair DC function.
In vitro studies with LPS-stimulated human monocyte-derived
DCs have shown that adenosine promotes IL-10 secretion while
suppressing IL-12 and TNFa secretion as well as the capacity of
DC to promote Tyl differentiation (175). Others have shown that
DC differentiated from monocytic precursors in the presence of
adenosine acquire several tumor-promoting functions that are
dependent on signaling through the A adenosine receptor.
These pro-tumor functions include increased expression of
angiogenic factors, immunosuppressive cytokines, and proteins
that disrupt immunometabolism such VEGE, TGFp, IDO, and
arginase 2, among others (176). In the context of melanoma,
in vivo studies in B16-F10 tumor-bearing mice have shown that
adenosine signaling through the A, adenosine receptor on DC
is associated with a slight decrease in MHC II and IL-12 expres-
sion and a significant increase in the expression of IL-10 (177).
Interestingly, recent studies have shown that adenosine receptor
signaling in DC also promotes accumulation of intracellular
cAMP (178), suggesting that adenosine may ultimately suppress
DC activation by influencing AMPK activity and decreasing gly-
colytic metabolism in these cells. Finally, whereas melanoma cells
are one of the major sources of adenosine in the tumor micro-
environment, immunoregulatory metabolites that compromise
DC function may also be produced by other cell types known to
infiltrate tumors. For instance, arginase I-producing cells such as
MDSC produce ornithine as a byproduct of arginine metabolism,
and ornithine decarboxylation yields polyamines that enhance
IDO-1 expression in DC, thus conditioning these cells for
immunosuppressive activity (179). Even melanoma-associated
DC themselves can contribute immunosuppressive metabolites
to the extracellular milieu of progressive tumors. Specifically,
melanoma-induced activation of p-catenin signaling in DC from
tumor-draining lymph nodes promotes expression of enzymes
involved in vitamin A metabolism, leading to DC secretion of
the vitamin A metabolite retinoic acid that in turn promotes
differentiation of immunosuppressive Tregs (120). Collectively,
these studies highlight the metabolically hostile nature of the
tumor microenvironment that must be overcome in order for
DC to elicit and maintain effective antitumor immune responses.

Metabolic Interventions to Promote DC
Function in the Context of Melanoma

Just as insights into melanoma-associated immune suppres-
sion of DC have informed therapeutic strategies to enhance
the immunogenicity of these cells, so too have insights into the
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FIGURE 3 | Alterations to tumor cell and dendritic cell (DC) metabolism in the context of melanoma and therapeutic strategies to overcome metabolic suppression
of melanoma-associated DC. DC function in the context of melanoma is compromised by constraints on metabolic pathways essential to DC maturation and
activation. Metabolic suppression of DC in the tumor microenvironment arises from nutrient depletion and the buildup of toxic waste that results from metabolic
rewiring of melanoma cells for aerobic glycolysis. Uptake of peroxidized lipids within the tumor microenvironment also promotes DC dysfunction, leading to an
accumulation of oxidized lipids in DC that impairs cross-presentation of tumor antigen. Additionally, tumor cell release of immunosuppressive metabolites such as
adenosine that signal through DC inhibit the antitumor function of these cells. Mechanistic insights into these phenomena have identified novel targets for therapies
designed to interfere with metabolic pathways in melanoma cells or to prevent tumor-altered metabolism of melanoma-associated DC. Pharmacologic interventions
or tissue-specific gene-silencing approaches that target factors upregulated by melanoma cells have direct antitumor effects and are also likely to improve DC
function indirectly by creating a more hospitable metabolic microenvironment. Similarly, DC-targeted delivery of therapeutics that prevent uptake of suppressive
metabolites or that block metabolic pathways associated with tolerogenicity can improve the immunostimulatory function of endogenous DC, and manipulation of
exogenous DC to resist the induction of metabolic suppression can improve the efficacy of DC vaccines. Bold arrows and type designate metabolic pathways,
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downregulated in these cells. Red inhibition symbols highlight proteins and metabolic pathways that have been successfully targeted in melanoma cells and DC in
preclinical studies, as described in the text. Red inhibition symbols with red question marks indicate targets that have been associated with both immune activating
and immune suppressing functions in different models and whose inhibition may therefore be appropriate only in certain contexts, as is discussed in more detail in
the text.

metabolic suppression of melanoma-associated DC (Figure 3).
To overcome the immune dampening effects of retinoic acid
signaling, a retinoic acid receptor o antagonist has been used to
enhance the efficacy of a peptide-pulsed DC vaccine against B16
melanoma. In addition to enhancing DC production of IL-12
and lowering DC production of TGFf and IL-10, this antagonist
reduced the number of FOXP3* IL-10* Tregs that infiltrated
tumors (180). Pharmacologic inhibition of the p-catenin/TCF
pathway that promotes melanoma-associated DC production
of retinoic acid has also been shown to reduce the expression
of vitamin A-metabolizing genes in DC isolated from tumor-
draining lymph nodes, and the antitumor activity associated with
this inhibition correlated with reduced Treg and increased effec-
tor CD8" T cell infiltration of subcutaneous melanomas (120).
Likewise, inhibition of adenosine in the tumor microenvironment

may be approached in a number of ways to prevent its deleteri-
ous effects on DC function. Pharmacological antagonists of the
Agg receptor block the effects of adenosine on DC differentia-
tion in vitro, and DC from both A,, and A receptor knockout
mice are resistant to the suppressive effects of adenosine (176,
177). Therefore, neutralization of adenosine signaling in DC via
pharmacologic agents or gene-silencing approaches that knock
down expression of adenosine receptors on either endogenous or
exogenous DC might improve the antitumor immunogenicity of
these cells. Alternatively, strategies that interfere with the CD73
ectonucleotidase on melanoma cells have already been shown to
improve antitumor immunity in preclinical models (169, 181),
and this outcome is likely due to a reduction in the immunoregu-
latory effects of adenosine on multiple immune cell populations,
including DC.
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In addition to overcoming the suppressive effects of extracellu-
lar metabolites on DCin the tumor microenvironment, maneuvers
that interfere with the metabolism of macromolecules in mela-
noma cells and/or DC may also restore metabolic and immune
function in tumor-associated DC. Pharmacologic regulation of
lipid levels in DC using an inhibitor of acetyl-CoA carboxylase
that blocks fatty acid synthesis improved the antitumor efficacy of
a peptide vaccine against B16-F10 melanoma (165). It is also pos-
sible to regulate lipid levels in DC by targeting the MSR1 scavenger
receptor that promotes lipid uptake or the IRE1a/XBP1 pathway
that triggers triglyceride synthesis in tumor-associated DC. To
this point, immunization of tumor-bearing mice with MSR1
gene-silenced BMDC improved vaccine-induced CD8* T cell
responses against multiple melanoma antigens and enhanced
immunologic control of established B16 melanomas in both sub-
cutaneous and lung metastasis models (182). Likewise, targeted
delivery of nanoparticles encapsulating siRNA has been used to
silence in tumor-associated DC the expression of either XBP1 or
the IREla endoribonuclease that cleaves XbpI mRNA into a form
that encodes functional protein during ER stress. In a murine
model of ovarian cancer, this approach reduced triglyceride lev-
els in tumor-associated DC, augmented the activation of tumor
Ag-specific T cells, and improved tumor immune control and
overall survival of tumor-bearing mice (168). As triglycerides are
also known to accumulate in dysfunctional melanoma-associated
DC (165), silencing of IREla or XBP1 expression in these cells
might also improve DC-mediated immune responses against
this cancer in certain contexts. It is worth noting, however, that
overexpression of XBP1 in BMDC actually improves DC survival,
activation, and T cell stimulatory capacity, leading to enhanced
immune control of established B16 melanoma following vac-
cination (183). Additionally, in an inducible BRAFV**¥/PTEN-
driven melanoma model, a DNA vaccine that promotes XBP1
expression in endogenous DC conferred CD8* T cell-mediated
immune control of small established tumors (184). While tumor
microenvironment-specific differences in these ovarian cancer
and melanoma models may explain differences in the impact of
XBP1 on DC function, it is also possible that these discrepancies
are due to differences in the particular DC under study, including
the endogenous/exogenous nature of these cells and the extent of
ER stress in the DC in which XBP1 is active. It is interesting to
speculate that in DC which have not previously been exposed to
the hostile tumor microenvironment (i.e., exogenous BMDC) or
which are found in the context of early stage tumors and have not
yet accumulated the types of fatty acids associated with immune
dysfunction, XBP1 promotes DC immunogenicity by protecting
these cells against ER stress as they increase protein synthesis dur-
ing their activation. On the other hand, in endogenous DC that
have incorporated significant polyunsaturated fatty acids within
the microenvironment of late-stage tumors, XBP1 activation may
lead to the generation of oxidized triglycerides that impair DC
function. Future studies will be necessary to test this hypothesis
and define the parameters under which XBP1 activation versus
inactivation in DC is appropriate for optimizing the antitumor
activity of these cells.

Finally, glycolytic metabolism in both melanoma cells and
DC can be targeted to enhance the immunostimulatory capacity

of DC. Recent studies have demonstrated that silencing of the
GLUT1 glucose transporter or the CD147 gene product that
regulates its expression in melanoma cell lines impairs the
growth and metastasis of transplanted tumors (185, 186). In
addition to having direct antitumor effects, interfering with gly-
colysis in melanoma cells may have pro-immune consequences
as well, resulting in enhanced DC-mediated antitumor immune
responses by increasing glucose availability and decreasing lactic
acid concentration in the tumor microenvironment. Therefore,
targeting glucose transporters and other enzymes (such as
LDHA) that are involved in glycolytic metabolism in melanoma
cells is a potentially attractive therapeutic option for the treat-
ment of melanoma. While selective targeting of such therapies
specifically to tumor cells might be difficult for some cancer
types and could lead to compromised function of DC and other
immune cell populations that also rely on glycolysis for induction
and maintenance of an activated phenotype, the identification of
tissue-specific genes in melanoma (such as those involved in the
melanin deposition pathway) opens up the possibility of DNA-
based therapies in which siRNA/shRNA expression is driven off
of tissue-specific promoters active only in melanoma cells. Such a
strategy would overcome issues with selective delivery of siRNA/
shRNA to tumor cells and instead would rely on selective activa-
tion of a gene-silencing therapeutic specifically in melanoma cells.
Alternatively, it is also possible to minimize the reliance of DC on
glycolysis as the sole bioenergetic mode of metabolism during
activation. Although signaling through mTOR is associated with
a metabolic switch to aerobic glycolysis during DC activation as
described above, this switch results less from a preference for
glycolytic metabolism and more from a requirement for glyco-
lysis as a means of generating ATP in the face of mitochondrial
suppression by reactive oxygen species. Interestingly, it has been
reported that inhibition of mTOR in DC does not preclude
ATP synthesis in these cells and instead extends the lifespan of
activated DC by reducing reactive oxygen species and preserving
mitochondrial function, thus allowing flexibility in the metabolic
pathways utilized by DC for bioenergetic purposes (187). Indeed,
multiple groups have shown that interfering with mTOR function
in BMDC enhances vaccine-induced CD8" T cell responses and
immunologic control of established B16 melanomas (188, 189).
Together, these data highlight how metabolic interventions may
shift the profile of tumor-associated DC from tolerogenic to
immunogenic, and they suggest great promise for metabolism-
based therapies, either alone or in combination with immuno-
therapies, in the treatment of melanoma.

MODULATING THE MICROBIOME TO
AUGMENT DC-MEDIATED ANTITUMOR
IMMUNITY

Gut Microbiome Influences on Natural

Antitumor Immunity to Melanoma

As data have emerged demonstrating that the microbiota and
dysbiosis play significant roles in both cancer progression and
the efficacy of anticancer therapies (190), there has been consid-
erable interest in understanding how the microbiome regulates
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the quality of antitumor immune responses. In the context of
melanoma, altering the composition of the gut microbiota has
been shown to impact both natural and therapy-associated
antitumor immunity, and in many cases, regulation of these
responses has been associated with microbial influences on DC
activation. Antibiotic treatment with a mixture of ampicillin,
vancomycin, and neomycin sulfate (which leads to a decreased
frequency of gut bacteria belonging to the Bacteroidetes phylum
and an increased frequency of gut bacteria belonging to the
Firmicutes phylum) prior to B16-F10 challenge enhances tumor
outgrowth and is associated with defects in natural antitumor
immunity that include a decrease in the frequency of DC among
tumor-infiltrating leukocytes and a reduced expression of genes
associated with DC maturation and immune activation within
tumor tissue (191). Addition of metronidazole to the aforemen-
tioned cocktail of antibiotics yields a different type of gut dysbio-
sis in treated mice (decreased frequency of both Firmicutes and
Bacteroidetes phyla members and increased frequency of mem-
bers of the Proteobacteria phylum), and this alteration also leads
to impaired immune control of B16-F10 lung metastases (192).
This latter effect results from an antibiotic-associated decrease
in IL-17* y8T cells in the lungs of treated mice. Although the
mechanism by which microbial dysbiosis influences y8T cell
function remains to be elucidated in this model, the authors
speculated that a lack of DC stimulation by PAMPs in antibiotic-
treated mice could contribute to the observed decrease in gene
expression in the lungs of IL-6 and IL-23, cytokines known to
activate IL-17 production by y3T cells.

Gut Microbiome Influences on Therapy-
Associated Immunity to Melanoma

The first study to report microbial influences on the outcome of
immune therapy for cancer demonstrated that the therapeutic
benefit of total body irradiation prior to adoptive T cell transfer
arises in part from activation of the innate immune system fol-
lowing radiation-induced damage to the GI tract and subsequent
translocation of gut microbiota (Enterobacter cloacae, Escherichia
coli, Lactobacillus, and Bifidobacterium) to mesenteric lymph
nodes (193). In addition to mobilizing the gut microbiome, total
body irradiation also led to elevated serum LPS levels and an
increase in the absolute number of CD86" DC in the spleen and
lymph nodes, which in turn correlated with enhanced activa-
tion of adoptively transferred gp100-specific CD8* T cells and
improved control of established B16-F10 tumors. Interestingly,
when mice were administered the broad-spectrum antibiotic
ciprofloxacin beginning two days prior to irradiation, microbial
translocation to lymph nodes was not observed, nor was any
elevation in serum LPS levels. Likewise, the immunologic and
antitumor benefits of DC and CD8* T cell activation were also
abrogated following ciprofloxacin depletion of gut microbiota.
Additional experiments with the LPS-blocking antibiotic poly-
myxin B as well as TLR4™'~ mice revealed that the therapeutic
effect of gut microbiota translocation following total body
irradiation resulted from LPS stimulation of innate immune
cells that support the activation of adoptively transferred CD8*
T cells. In related work, Iida et al. showed that treating mice with

a cocktail of antibiotics (vancomycin, imipenem, and neomycin)
abrogated the antitumor effects of combination immunotherapy
with anti-IL-10 receptor antibody and intratumoral CpG-
oligodeoxynucleotides (ODN) in B16-F10 tumor-bearing mice
(194). Though the mechanistic basis for these findings was not
further studied in the B16 melanoma model, the authors reported
analogous findings in the MC38 colon adenocarcinoma model,
where antibiotic treatment decreased both the frequency of TNF-
producing tumor-infiltrating DC (and other leukocytes) as well as
CD86 expression and IL-12p40 production by tumor-associated
DC. Similar results were also observed following combination
immunotherapy of germ-free MC38-bearing mice, suggesting
that commensal microbes are necessary to prime DC and other
myeloid cell populations for inflammatory cytokine production
in response to this immune therapy.

More recently, the microbiome has been shown to influence
DC function and antitumor immunity in the context of check-
point blockade therapies for melanoma as well. In the B16-SIY
melanoma model, the success of a-PD-L1 Ab therapy was
shown to rely on the presence within the intestinal microbiota
of Bifidobacterium species that enhance the antitumor effects of
therapy (195). Specifically, the presence of natural Bifidobacterium
species in C57Bl/6 mice from The Jackson Laboratory (JAX) or
the introduction of Bifidobacterium species by oral gavage into
C57Bl/6 mice from Taconic (TAC), which do not naturally harbor
these bacteria, correlated with tumor-specific CD8* T cell respon-
siveness to a-PD-L1 Ab therapy and tumor control. Of note, the
presence of intestinal Bifidobacterium species in these mice was
also associated with an increase in the frequency of intratumoral
DCexpressing highlevels of MHC class IT, and genome-wide tran-
scriptional profiling of these cells revealed elevated expression of
several genes known to play roles in DC maturation, Ag process-
ing and presentation, costimulation, and chemokine-mediated
recruitment of immune effectors. Moreover, DC isolated from
lymphoid tissues of JAX mice and Bifidobacterium-fed TAC mice
induced higher levels of IFNy production by CD8" T cells than
did DC from untreated TAC mice that had not been exposed to
Bifidobacterium species. In other work investigating microbial
influences on checkpoint blockade therapy, pretreatment of mice
with a cocktail of broad-spectrum antibiotics blocked the efficacy
of a-CTLA-4 Ab therapy for established Ret murine melanomas
(196). Interestingly, in mice not treated with antibiotics, CTLA-4
blockade promoted T cell-mediated destruction of intestinal
epithelial cells and was associated in general with a decrease
in Bacteroidales and Burkholderiales member species and an
increase in Clostridiales member species in the feces, suggesting
that induction of immunity to members of the Bacteroidales
and Burkholderiales orders may be linked to the induction of
antitumor T cell responses. In this regard, antibiotic-treated or
germ-free mice that otherwise failed to exhibit any antitumor
effects following a-CTLA Ab therapy were able to control
tumors when fed with Bacteroides thetaiotaomicron, Bacteroides
fragilis, Burkholderia cepacia, or a combination of B. fragilis and
B. cepacia shortly after therapy, and this response was associated
with enhanced maturation of intratumoral DC and Tu1 immune
responses in tumor-draining lymph nodes. Moreover, fecal
transplantation studies in which feces from ipilimumab-treated

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1594


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Hargadon

DC-Based Immunotherapy for Melanoma

FIGURE 4 | Multifactorial influences on the function of melanoma-associated dendritic cells (DC). A variety of complex factors contribute to the immunoregulation of
DC in the context of melanoma. Elements that control the immunogenicity of tumor cell death, the balance of immunostimulatory versus immunosuppressive signals
in the tumor microenvironment, metabolic influences on DC function, and the microbiome all interact to dictate the immune stimulatory capacity of melanoma-
associated DC. Mechanistic insights into each of these layers of DC immune regulation provide opportunities for therapeutic interventions to enhance the
immunogenicity and antitumor function of melanoma-associated DC as described in more detail in the text.

metastatic melanoma patients clustered by stool microbial com-
position were transferred to germ-free mice two weeks prior to
tumor challenge and a-CTLA-4 Ab therapy supported a role for
Bacteroides species in promoting responsiveness to therapy. In
these studies, feces from only one cluster of melanoma patients
promoted colonization of immunogenic B. thetaiotaomicron
and B. fragilis in mice, and these animals were the only fecal
transplant recipients to mount effective antitumor responses
following a-CTLA-4 Ab treatment. While these data suggest that
the presence of commensal Bacteroides species in the gut may be a
useful prognostic indicator for identifying patients most likely to
benefit from checkpoint blockade therapy, it should be noted that
confounding data on the influence of Bacteroides species on ther-
apeutic efficacy in metastatic melanoma patients have emerged
from recent clinical studies. Indeed, in a prospective study of
metastatic melanoma patients receiving ipilimumab therapy, a
high proportion of baseline gut Bacteroides actually correlated

with poor clinical benefit, whereas long-term benefit (progres-
sion-free and overall survival) was associated with enrichment of
Faecalibacterium species and other Firmicutes phylum members
(unclassified Ruminococcaceae, Clostridium XIVa, and Blautia)
(197). Similarly, Bacteroidales family members were found to be
enriched in the gut microbiome of metastatic melanoma patients
classified as non-responders to a-PD-1 therapy, while responders
were found to exhibit greater microbial diversity in the gut and
enrichment of members belonging to the Clostridiales order
(198). It is possible that the differences reported in these clinical
studies versus the study by Vetizou et al. (196) are due either to
species-specific differences between mouse and man or to biased
reconstitution of gut microbiota following fecal transplantation
from humans to mice. However, it is worth noting that another
clinical study comparing the baseline gut microbiota of responders
versus non-responders to various checkpoint blockade regimens
reported data from melanoma patients similar to that described
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by Vetizou et al.—that is, that enrichment of Bacteroides species
correlated positively with patient response to therapy (199).
In this most recent study, gut microbiome diversity was not
significantly different in responders versus non-responders, but
metagenomic shotgun sequencing analysis of pretreatment fecal
samples identified enrichment of particular species in respond-
ing patients that was unique for each therapeutic regimen under
study. When comparing responders versus non-responders to
all checkpoint blockade regimens under study, both Bacteroides
caccae and Streptococcus parasanguinis were enriched in the gut
microbiomes of responders. When analyzing patients respond-
ing to ipilimumab/nivolumab combination therapy, Firmicutes
phylum members (Faecalibacterium prausnitzii and Holdemania
filiformis) and the Bacteroidetes phylum member B. thetaiotaomi-
cron were enriched in responders. Finally, the Firmicutes phylum
member Dorea formicigenerans was enriched in responders to
therapy with pembrolizumab. Based on these collective data,
it is clear that additional studies with larger cohorts of patients
are necessary to resolve these early discrepant findings and
determine how particular gut microbiota regulate both natural
antitumor immune responses as well as responsiveness to various
tumor immunotherapies. Additionally, as evidence is accumulat-
ing that the gut microbiome also influences immunometabolism
(200) as well as the metabolism and antitumor activity of chemo-
therapeutic drugs (201), future studies are needed to investigate
how particular microbial species and their metabolites regulate
chemotherapy-driven ICD and the function of DC and other
immune cell populations in the context of melanoma. Together,
these insights will be important for the optimization of strategies
to manipulate the gut microbiome in ways that enhance antitumor
immune reactivity while also minimizing adverse events such as
therapy-associated colitis (202).

The Role of the Skin Microbiome in

Immunity to Melanoma?

While a number of studies have been initiated to gain insights
into the gut microbiome’s influence on the progression of mela-
noma and other cancers, little is currently known about how the
skin microbiome might impact immunologic protection from
either the development of primary melanomas or the recurrence
of melanoma in the skin or surrounding/distant tissues. To date,
only one study has compared the skin microbiome of cutane-
ous melanomas and benign melanocytic nevi (203). While the
cutaneous microbial diversity of melanomas was found to be
slightly lower than that of melanocytic nevi, these differences did
not reach statistical significance, and no differences were found
in the relative abundance of bacterial genera between patients
from these groups. However, the limited sample size of this study
(15 cutaneous melanoma cases versus 17 melanocytic nevi cases)
precludes any strong conclusions that the skin microbiome has no
impact on melanoma progression or anti-melanoma immunity
in the skin. With regard to microbial influences on cutaneous
immunity, others have reported associations between the skin
microbiome and patient susceptibility to inflammatory skin
conditions such as atopic dermatitis (204), and dysbiosis of the
skin microflora has recently been linked to autoimmune vitiligo

as well (205, 206). As vitiligo results from immune-mediated
destruction of melanocytes, microbial species that influence
this process may be of particular relevance to melanoma. In this
light, a recent study comparing bacterial communities in lesional
versus non-lesional skin of vitiligo patients revealed a decrease in
microbial diversity in vitiliginous lesions, and intra-community
network analyses showed that Actinobacterial species predomi-
nate the microbial interaction network of non-lesional skin, while
members of the Firmicutes phylum exhibit the highest degree of
interactions in lesional skin (205). Future studies will be necessary
to determine the cause-effect relationship of these alterations in
cutaneous microbial communities during cases of vitiligo and
whether such alterations might also impact immune reactivity
against melanoma cells. Answers to these questions and others
that address how the cutaneous microbiota might influence the
maturation/activation of Langerhans cells and other skin-resident
DC populations may suggest microbial interventions that support
the promotion of robust, DC-mediated anti-melanoma immune
responses. Coupled with an improved understanding of the gut
microbiome’s influence on DC-mediated immune responses
against melanoma, these findings may identify appropriate
dietary modifications, prebiotic/probiotic supplements, antibi-
otic regimens, and/or fecal transplantation strategies that can be
implemented to support DC-based and other immune therapies
for the treatment of melanoma.

CONCLUSION AND FUTURE DIRECTIONS

As highlighted throughout this review, DC function at the center
of antitumor immunity and play major roles in determining
immune activation versus tolerance against cancer. Regulation
of immunity to melanoma by DC is controlled by a variety of
intrinsic and extrinsic factors, and it is the collective interplay
between these factors that ultimately shape the quality of
DC-mediated antitumor immune responses (Figure 4). Advances
in our understanding of the ways in which DC function is influ-
enced by ICD, immunosuppressive networks within the tumor
microenvironment, tumor-altered immunometabolism, and
the microbiome have provided crucial insights into the immu-
noregulation of tumor-associated DC, and these insights have
informed novel strategies for improving the immunogenicity of
DC in the context of melanoma and other cancers. Some of these
strategies have already reached patients and have improved the
immunologic control of melanoma, and many others have shown
great promise in murine models and in preclinical settings. It
will therefore be exciting to follow the translation of these and
related strategies for enhancing the immunostimulatory function
of melanoma-associated DC into the clinic in the future. As we
continue to build on these findings, the challenge going forward
will be to dissect the complex interplay between the regulatory
mechanisms discussed herein and discern how these diverse
factors act in concert to control DC function. In this regard, in
what ways does the microbiome impact the induction of ICD
in melanoma cells? Can particular microbes provide metabolic
support for DC by removing toxic byproducts from the tumor
microenvironment, and how do microbe-derived metabolites
themselves contribute to the metabolic milieu and its influence
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on DC in the tumor microenvironment? To what extent do
immunosuppressive factors in the tumor microenvironment
blunt DC function through regulation of metabolic pathways in
these cells, and how might altering the balance of these factors
impact the abundance and diversity of the microbiota and its con-
tribution to tumor-associated DC function? Collectively, how do
these factors influence the ability of DC to maintain the immune
reactivity of T cells supported by checkpoint blockade therapy,
and how might DC-based therapies best be utilized in combina-
torial approaches to induce antitumor T cell responses in patients
who have not mounted natural responses to melanoma and are
therefore currently poor candidates for treatment by checkpoint
blockade? These additional insights into DC immunoregulation
in the context of melanoma, coupled with ongoing technological
advances that enable fine-tuned manipulation of DC function,
will arm scientists with the tools necessary to devise multifaceted
approaches to overcome melanoma-imposed limitations on DC
immunogenicity. Based on the advances that have already been

REFERENCES

1. American Cancer Society. Cancer Facts & Figures 2016. Atlanta: American
Cancer Society (2016). p. 1-9.

2. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, et al. Cancer
incidence and mortality worldwide: sources, methods and major patterns in
GLOBOCAN 2012. Int ] Cancer (2015) 136:E359-86. d0i:10.1002/ijc.29210

3. Howlader N, Noone AM, Krapcho M, Miller D, Bishop K, Altekruse SE, et al.,
editors. SEER Cancer Statistics Review 1975-2013 National Cancer Institute
SEER Cancer Statistics Review 1975-2013 National Cancer Institute. SEER
Cancer Stat Rev 1975-2013. Bethesda, MD: Natl Cancer Institute (2016).
Available from: http://seer.cancer.gov/csr/1975_2013/

4. Whiteman DC, Green AC, Olsen CM. The growing burden of invasive
melanoma: projections of incidence rates and numbers of new cases in six
susceptible populations through 2031. J Invest Dermatol (2016) 136:1161-71.
doi:10.1016/j.jid.2016.01.035

5. Guy GP, Machlin SR, Ekwueme DU, Yabroff KR. Prevalence and costs of
skin cancer treatment in the U.S., 2002-2006 and 2007-2011. Am ] Prev Med
(2015) 48:183-7. doi:10.1016/j.amepre.2014.08.036

6. Erdmann E Lortet-Tieulent J, Schiiz ], Zeeb H, Greinert R, Breitbart EW, et al.
International trends in the incidence of malignant melanoma 1953-2008-are
recent generations at higher or lower risk? Int J Cancer (2013) 132:385-400.
doi:10.1002/ijc.27616

7. Leung AM, Hari DM, Morton DL. Surgery for distant melanoma metastasis.
Cancer J (2012) 18:176-84. doi:10.1097/PPO.0b013e31824bc981

8. Lejeune FJ. The impact of surgery on the course of melanoma. Recent Results
Cancer Res (2002) 160:151-7. doi:10.1007/978-3-642-59410-6_18

9. Atkins MB, Sosman JA, Agarwala S, Logan T, Clark JI, Ernstoff MS, et al.
Temozolomide, thalidomide, and whole brain radiation therapy for patients
with brain metastasis from metastatic melanoma: a phase II Cytokine Working
Group study. Cancer (2008) 113:2139-45. doi:10.1002/cncr.23805

10. Atkins MB, Hsu J, Lee S, Cohen GI, Flaherty LE, Sosman JA, et al. Phase
III trial comparing concurrent biochemotherapy with cisplatin, vinblastine,
dacarbazine, interleukin-2, and interferon alfa-2b with cisplatin, vinblastine,
and dacarbazine alone in patients with metastatic malignant melanoma
(E3695): a trial coordinated by the Eastern Cooperative Oncology Group.
J Clin Oncol (2008) 26:5748-54. doi:10.1200/JCO.2008.17.5448

11. McArthur GA, Chapman PB, Robert C, Larkin J, Haanen JB, Dummer R,
et al. Safety and efficacy of vemurafenib in BRAFV600E and BRAFV600K
mutation-positive melanoma (BRIM-3): extended follow-up of a phase 3,
randomised, open-label study. Lancet Oncol (2014) 15:323-32. doi:10.1016/
$1470-2045(14)70012-9

12. Hauschild A, Grob J-J, Demidov LV, Jouary T, Gutzmer R, Millward M,
et al. Dabrafenib in BRAF-mutated metastatic melanoma: a multicentre,
open-label, phase 3 randomised controlled trial. Lancet (2012) 380:358-65.
doi:10.1016/S0140-6736(12)60868-X

seen in recent years, there is great optimism within the field that
these novel approaches will significantly improve the antitumor
efficacy and clinical outcome of DC-based immunotherapies for
melanoma patients in the future.

AUTHOR CONTRIBUTIONS

KH was solely responsible for the conception and writing of this
review article.

FUNDING

Research in KH’s laboratory is funded by a Jeffress Trust Awards
Program in Interdisciplinary Research Grant from the Thomas E.
and Kate Miller Jeffress Memorial Trust, Bank of America, N.A.,
Trustee, a Hampden-Sydney College Research Grant from the
Arthur Vining Davis endowment, and generous donations from
Mr. Michael Hargadon and Mrs. Patricia Hargadon.

13. Flaherty KT, Robert C, Hersey P, Nathan P, Garbe C, Milhem M, et al
Improved survival with MEK inhibition in BRAF-mutated melanoma. N Engl
J Med (2012) 367:107-14. doi:10.1056/NEJMoa1203421

14. Van Allen EM, Wagle N, Sucker A, Treacy DJ, Johannessen CM, Goetz EM,
et al. The genetic landscape of clinical resistance to RAF inhibition in met-
astatic melanoma. Cancer Discov (2014) 4:94-109. doi:10.1158/2159-8290.
CD-13-0617

15. Rizos H, Menzies AM, Pupo GM, Carlino MS, Fung C, Hyman J, et al. BRAF
inhibitor resistance mechanisms in metastatic melanoma: spectrum and
clinical impact. Clin Cancer Res (2014) 20:1965-77. d0i:10.1158/1078-0432.
CCR-13-3122

16. Kim KB, Kefford R, Pavlick AC, Infante JR, Ribas A, Sosman JA, et al. Phase
1I study of the MEK1/MEK?2 inhibitor trametinib in patients with metastatic
BRAF-mutant cutaneous melanoma previously treated with or without
a BRAF inhibitor. JClin Oncol (2013) 31:482-9. doi:10.1200/JCO.2012.
43.5966

17. Long GV, Flaherty KT, Stroyakovskiy D, Gogas H, Levchenko E, de Braud E
et al. Dabrafenib plus trametinib versus dabrafenib monotherapy in patients
with metastatic BRAF V600E/K-mutant melanoma: long-term survival and
safety analysis of a phase 3 study. Ann Oncol (2017) 28:1631-9. doi:10.1093/
annonc/mdx176

18. Long GV, Weber JS, Infante JR, Kim KB, Daud A, Gonzalez R, et al. Overall
survival and durable responses in patients with BRAF V600-mutant meta-
static melanoma receiving dabrafenib combined with trametinib. J Clin Oncol
(2016) 34:871-8. doi:10.1200/JCO.2015.62.9345

19. Postow MA, Chesney J, Pavlick AC, Robert C, Grossmann K, McDermott D,
et al. Nivolumab and ipilimumab versus ipilimumab in untreated melanoma.
N Engl ] Med (2015) 372:2006-17. doi:10.1056/NEJMoa1414428

20. Weber JS, D’Angelo SP, Minor D, Hodi FS, Gutzmer R, Neyns B, et al.
Nivolumab versus chemotherapy in patients with advanced melanoma who
progressed after anti-CTLA-4 treatment (CheckMate 037): a randomised,
controlled, open-label, phase 3 trial. Lancet Oncol (2015) 16:375-84.
doi:10.1016/S1470-2045(15)70076-8

21. Felix ], Lambert ], Roelens M, Maubec E, Guermouche H, Pages C, et al.
Ipilimumab reshapes T cell memory subsets in melanoma patients with
clinical response. Oncoimmunology (2016) 5:1136045. doi:10.1080/21624
02X.2015.1136045

22. Yun S, Vincelette ND, Green MR, Wahner Hendrickson AE, Abraham I.
Targeting immune checkpoints in unresectable metastatic cutaneous mela-
noma: a systematic review and meta-analysis of anti-CTLA-4 and anti-PD-1
agents trials. Cancer Med (2016) 5:1481-91. doi:10.1002/cam4.732

23. Robert C, Schachter J, Long GV, Arance A, Grob JJ, Mortier L, et al.
Pembrolizumab versus ipilimumab in advanced melanoma. N Engl | Med
(2015) 372:2521-32. doi:10.1056/NEJMoa1503093

24. Daud Al, Wolchok JD, Robert C, Hwu W-], Weber JS, Ribas A, et al. Pro-
grammed death-ligand 1 expression and response to the anti-programmed

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1594


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1002/ijc.29210
http://seer.cancer.gov/csr/1975_2013/
https://doi.org/10.1016/j.jid.2016.01.035
https://doi.org/10.1016/j.amepre.2014.08.036
https://doi.org/10.1002/ijc.27616
https://doi.org/10.1097/PPO.0b013e31824bc981
https://doi.org/10.1007/978-3-642-59410-6_18
https://doi.org/10.1002/cncr.23805
https://doi.org/10.1200/JCO.2008.17.5448
https://doi.org/10.1016/S1470-2045(14)70012-9
https://doi.org/10.1016/S1470-2045(14)70012-9
https://doi.org/10.1016/S0140-6736(12)60868-X
https://doi.org/10.1056/NEJMoa1203421
https://doi.org/10.1158/2159-8290.CD-13-0617
https://doi.org/10.1158/2159-8290.CD-13-0617
https://doi.org/10.1158/1078-0432.CCR-13-3122
https://doi.org/10.1158/1078-0432.CCR-13-3122
https://doi.org/10.1200/JCO.2012.43.5966
https://doi.org/10.1200/JCO.2012.43.5966
https://doi.org/10.1093/annonc/mdx176
https://doi.org/10.1093/annonc/mdx176
https://doi.org/10.1200/JCO.2015.62.9345
https://doi.org/10.1056/NEJMoa1414428
https://doi.org/10.1016/S1470-2045(15)70076-8
https://doi.org/10.1080/2162402X.2015.1136045
https://doi.org/10.1080/2162402X.2015.1136045
https://doi.org/10.1002/cam4.732
https://doi.org/10.1056/NEJMoa1503093

Hargadon

DC-Based Immunotherapy for Melanoma

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

death 1 antibody pembrolizumab in melanoma. J Clin Oncol (2016) 34:4102-9.
doi:10.1200/JC0O.2016.67.2477

Zimmer L, Apuri S, Eroglu Z, Kottschade LA, Forschner A, Gutzmer R, et al.
Ipilimumab alone or in combination with nivolumab after progression on
anti-PD-1 therapy in advanced melanoma. Eur J Cancer (2017) 75:47-55.
doi:10.1016/j.ejca.2017.01.009

Chuk MK, Chang JT, Theoret MR, Sampene E, He K, Weis SL, et al. FDA
approval summary: accelerated approval of pembrolizumab for second-line
treatment of metastatic melanoma. Clin Cancer Res (2017) 23:5666-70.
doi:10.1158/1078-0432.CCR-16-0663

Gibney GT, Kudchadkar RR, DeConti RC, Thebeau MS, Czupryn MP, Tetteh L,
et al. Safety, correlative markers, and clinical results of adjuvant nivolumab
in combination with vaccine in resected high-risk metastatic melanoma. Clin
Cancer Res (2015) 21:712-20. doi:10.1158/1078-0432.CCR-14-2468

Coens C, Suciu S, Chiarion-Sileni V, Grob J-J, Dummer R, Wolchok JD,
et al. Health-related quality of life with adjuvant ipilimumab versus placebo
after complete resection of high-risk stage III melanoma (EORTC 18071):
secondary outcomes of a multinational, randomised, double-blind, phase 3
trial. Lancet Oncol (2017) 18:393-403. doi:10.1016/S1470-2045(17)30015-3
Kim JM, Chen DS. Immune escape to PD-L1/PD-1 blockade: seven steps
to success (or failure). Ann Oncol (2016) 27:1492-504. doi:10.1093/annonc/
mdw217

Rosenberg SA, Yang JC, Sherry RM, Kammula US, Hughes MS, Phan GQ,
et al. Durable complete responses in heavily pretreated patients with meta-
static melanoma using T-cell transfer immunotherapy. Clin Cancer Res (2011)
17:4550-7. doi:10.1158/1078-0432.CCR-11-0116

Robbins PE Kassim SH, Tran TLN, Crystal JS, Morgan RA, Feldman SA, et al.
A pilot trial using lymphocytes genetically engineered with an NY-ESO-1-
reactive T-cell receptor: long-term follow-up and correlates with response.
Clin Cancer Res (2015) 21:1019-27. doi:10.1158/1078-0432.CCR-14-2708
Slingluff CL, Petroni GR, Yamshchikov GV, Barnd DL, Eastham S, Galavotti H,
et al. Clinical and immunologic results of a randomized phase II trial
of vaccination using four melanoma peptides either administered in
granulocyte-macrophage colony-stimulating factor in adjuvant or pulsed on
dendritic cells. J Clin Oncol (2003) 21:4016-26. doi:10.1200/JC0O.2003.10.005
Slingluff CL, Petroni GR, Yamshchikov GV, Hibbitts S, Grosh WW, Chianese-
Bullock KA, et al. Immunologic and clinical outcomes of vaccination with
a multiepitope melanoma peptide vaccine plus low-dose interleukin-2
administered either concurrently or on a delayed schedule. J Clin Oncol (2004)
22:4474-85. doi:10.1200/JC0O.2004.10.212

Banchereau J, Palucka AK, Dhodapkar M, Burkeholder S, Taquet N,
Rolland A, et al. Immune and clinical responses in patients with metastatic
melanoma to CD34(+) progenitor-derived dendritic cell vaccine. Cancer Res
(2001) 61:6451-8.

Nestle FO, Alijagic S, Gilliet M, Sun Y, Grabbe S, Dummer R, et al. Vaccination
of melanoma patients with peptide- or tumor lysate-pulsed dendritic cells.
Nat Med (1998) 4:328-32. doi:10.1038/nm0398-328

Slingluff CL, Petroni GR, Olson WC, Smolkin ME, Ross MI, Haas NB, et al.
Effect of granulocyte/macrophage colony-stimulating factor on circulating
CD8+ and CD4+ T-cell responses to a multipeptide melanoma vaccine: out-
come of a multicenter randomized trial. Clin Cancer Res (2009) 15:7036-44.
doi:10.1158/1078-0432.CCR-09-1544

Slingluff CL, Petroni GR, Chianese-Bullock KA, Smolkin ME, Ross MI,
Haas NB, et al. Randomized multicenter trial of the effects of melanoma-
associated helper peptides and cyclophosphamide on the immunogenicity
of a multipeptide melanoma vaccine. J Clin Oncol (2011) 29:2924-32.
doi:10.1200/JC0O.2010.33.8053

Palucka K, Banchereau J. Dendritic-cell-based therapeutic cancer vaccines.
Immunity (2013) 39:38-48. doi:10.1016/j.immuni.2013.07.004

Anguille S, Smits EL, Lion E, van Tendeloo VE Berneman ZN. Clinical
use of dendritic cells for cancer therapy. Lancet Oncol (2014) 15:e257-67.
doi:10.1016/51470-2045(13)70585-0

Rodriguez-Cerdeira C, Gregorio MC, Lépez-Barcenas A, Sanchez-Blanco E,
Sanchez-Blanco B, Fabbrocini G, et al. Advances in immunotherapy for
melanoma: a comprehensive review. Mediators Inflamm (2017) 2017:1-14.
doi:10.1155/2017/3264217

Garg AD, Vara Perez M, Schaaf M, Agostinis P, Zitvogel L, Kroemer G, et al.
Trial watch: dendritic cell-based anticancer immunotherapy. Oncoimmu-
nology (2017) 6:€1328341. doi:10.1080/2162402X.2017.1328341

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Tel J, Aarntzen EHJG, Baba T, Schreibelt G, Schulte BM, Benitez-Ribas D,
et al. Natural human plasmacytoid dendritic cells induce antigen-specific
T-cell responses in melanoma patients. Cancer Res (2013) 73:1063-75.
doi:10.1158/0008-5472.CAN-12-2583

Schreibelt G, Bol KE, Westdorp H, Wimmers E Aarntzen EHJG, Duiveman-
de Boer T, et al. Effective clinical responses in metastatic melanoma patients
after vaccination with primary myeloid dendritic cells. Clin Cancer Res (2016)
22:2155-66. doi:10.1158/1078-0432.CCR-15-2205

Carreno BM, Magrini V, Becker-Hapak M, Kaabinejadian S, Hundal J,
Petti AA, et al. Cancer immunotherapy. A dendritic cell vaccine increases
the breadth and diversity of melanoma neoantigen-specific T cells. Science
(2015) 348:803-8. doi:10.1126/science.aaa3828

Ott PA, Hu Z, Keskin DB, Shukla SA, Sun J, Bozym D], et al. An immunogenic
personal neoantigen vaccine for patients with melanoma. Nature (2017)
547:217-21. doi:10.1038/nature22991

Sahin U, Derhovanessian E, Miller M, Kloke BP, Simon P, Lower M, et al.
Personalized RNA mutanome vaccines mobilize poly-specific therapeutic
immunity against cancer. Nature (2017) 547:222-6. doi:10.1038/nature23003
Salmon H, Idoyaga J, Rahman A, Leboeuf M, Remark R, Jordan S, et al.
Expansion and activation of CD103 + dendritic cell progenitors at the tumor
site enhances tumor responses to therapeutic PD-L1 and BRAF inhibition.
Immunity (2016) 44:924-38. doi:10.1016/j.immuni.2016.03.012

Kranz LM, Diken M, Haas H, Kreiter S, Loquai C, Reuter KC, et al. Systemic
RNA delivery to dendritic cells exploits antiviral defence for cancer immu-
notherapy. Nature (2016) 534:396-401. doi:10.1038/nature18300

Garg AD, Coulie PG, Van den Eynde BJ, Agostinis P. Integrating next-
generation dendritic cell vaccines into the current cancer immunotherapy
landscape. Trends Immunol (2017) 38:577-93. doi:10.1016/}.it.2017.05.006
Joffre O, Nolte MA, Spérri R, Reis e Sousa C. Inflammatory signals in dendritic
cell activation and the induction of adaptive immunity. Immunol Rev (2009)
227:234-47. doi:10.1111/j.1600-065X.2008.00718.x

Janeway CA. The immune system evolved to discriminate infectious nonself
from noninfectious self. Immunol Today (1992) 13:11-6. doi:10.1016/0167-
5699(92)90198-G

Matzinger P. Tolerance, danger, and the extended family. Annu Rev Immunol
(1994) 12:991-1045. doi:10.1146/annurev.iy.12.040194.005015

Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer G. Immunogenic cell
death in cancer and infectious disease. Nat Rev Immunol (2017) 17:97-111.
d0i:10.1038/nri.2016.107

Vacchelli E, Ma Y, Baracco EE, Sistigu A, Enot DP, Pietrocola F et al.
Chemotherapy-induced antitumor immunity requires formyl peptide recep-
tor 1. Science (2015) 350:972-8. doi:10.1126/science.aad0779

Weyd H, Abeler-Dérner L, Linke B, Mahr A, Jahndel V, Pfrang S, et al. Annexin
A1 on the surface of early apoptotic cells suppresses CD8+ T cell immunity.
PL0S One (2013) 8:62449. doi:10.1371/journal.pone.0062449

Sistigu A, Yamazaki T, Vacchelli E, Chaba K, Enot DP, Adam J, et al. Cancer
cell-autonomous contribution of type I interferon signaling to the efficacy of
chemotherapy. Nat Med (2014) 20:1301-9. d0i:10.1038/nm.3708

Spisek R, Charalambous A, Mazumder A, Vesole DH, Jagannath S,
Dhodapkar MYV. Bortezomib enhances dendritic cell (DC)-mediated
induction of immunity to human myeloma via exposure of cell surface heat
shock protein 90 on dying tumor cells: therapeutic implications. Blood (2007)
109:4839-45. doi:10.1182/blood-2006-10-054221

Tsang YW, Huang CC, Yang KL, Chi MS, Chiang HC, Wang YS, et al.
immunological tumor using electro-
hyperthermia followed by dendritic cell immunotherapy. BMC Cancer
(2015) 15:708. doi:10.1186/s12885-015-1690-2

Ji], Fan Z, Zhou F, Wang X, Shi L, Zhang H, et al. Improvement of DC vaccine
with ALA-PDT induced immunogenic apoptotic cells for skin squamous
cell carcinoma. Oncotarget (2015) 6:17135-46. doi:10.18632/oncotarget.3529
Garg AD, Vandenberk L, Koks C, Verschuere T, Boon L, Van Gool SW, et al.
Denderitic cell vaccines based on immunogenic cell death elicit danger signals
and T cell-driven rejection of high-grade glioma. Sci Transl Med (2016)
8:328ra27. doi:10.1126/scitranslmed.aae0105

Mikyskové R, Stépanek I, Indrova M, Bieblova J, Simové J, Truxova I, et al.
Dendritic cells pulsed with tumor cells killed by high hydrostatic pressure
induce strong immune responses and display therapeutic effects both in
murine TC-1 and TRAMP-C2 tumors when combined with docetaxel che-
motherapy. Int ] Oncol (2016) 48:953-64. doi:10.3892/ij0.2015.3314

Improving microenvironment

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1594


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1200/JCO.2016.67.2477
https://doi.org/10.1016/j.ejca.2017.01.009
https://doi.org/10.1158/1078-0432.CCR-16-0663
https://doi.org/10.1158/1078-0432.CCR-14-2468
https://doi.org/10.1016/S1470-2045(17)30015-3
https://doi.org/10.1093/annonc/mdw217
https://doi.org/10.1093/annonc/mdw217
https://doi.org/10.1158/1078-0432.CCR-11-0116
https://doi.org/10.1158/1078-0432.CCR-14-2708
https://doi.org/10.1200/JCO.2003.10.005
https://doi.org/10.1200/JCO.2004.10.212
https://doi.org/10.1038/nm0398-328
https://doi.org/10.1158/1078-0432.CCR-09-1544
https://doi.org/10.1200/JCO.2010.33.8053
https://doi.org/10.1016/j.immuni.2013.07.004
https://doi.org/10.1016/S1470-2045(13)70585-0
https://doi.org/10.1155/2017/3264217
https://doi.org/10.1080/2162402X.2017.1328341
https://doi.org/10.1158/0008-5472.CAN-12-2583
https://doi.org/10.1158/1078-0432.CCR-15-2205
https://doi.org/10.1126/science.aaa3828
https://doi.org/10.1038/nature22991
https://doi.org/10.1038/nature23003
https://doi.org/10.1016/j.immuni.2016.03.012
https://doi.org/10.1038/nature18300
https://doi.org/10.1016/j.it.2017.05.006
https://doi.org/10.1111/j.1600-065X.2008.00718.x
https://doi.org/10.1016/0167-
5699(92)90198-G
https://doi.org/10.1016/0167-
5699(92)90198-G
https://doi.org/10.1146/annurev.iy.12.040194.005015
https://doi.org/10.1038/nri.2016.107
https://doi.org/10.1126/science.aad0779
https://doi.org/10.1371/journal.pone.0062449
https://doi.org/10.1038/nm.3708
https://doi.org/10.1182/blood-2006-10-054221
https://doi.org/10.1186/s12885-015-1690-2
https://doi.org/10.18632/oncotarget.3529
https://doi.org/10.1126/scitranslmed.aae0105
https://doi.org/10.3892/ijo.2015.3314

Hargadon

DC-Based Immunotherapy for Melanoma

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Pol J, Vacchelli E, Aranda F, Castoldi F, Eggermont A, Cremer I, et al. Trial
Watch: immunogenic cell death inducers for anticancer chemotherapy.
Oncoimmunology (2015) 4:e1008866. doi:10.1080/2162402X.2015.1008866
Lui P, Cashin R, Machado M, Hemels M, Corey-Lisle PK, Einarson TR.
Treatments for metastatic melanoma: synthesis of evidence from randomized
trials. Cancer Treat Rev (2007) 33:665-80. doi:10.1016/j.ctrv.2007.06.004
Nistico P, Capone I, Palermo B, Del Bello D, Ferraresi V, Moschella E, et al.
Chemotherapy enhances vaccine-induced antitumor immunity in melanoma
patients. Int ] Cancer (2009) 124:130-9. doi:10.1002/ijc.23886

Palermo B, Del Bello D, Sottini A, Serana F, Ghidini C, Gualtieri N, et al.
Dacarbazine treatment before peptide vaccination enlarges T-cell repertoire
diversity of melan-A-specific, tumor-reactive CTL in melanoma patients.
Cancer Res (2010) 70:7084-92. doi:10.1158/0008-5472.CAN-10-1326
Michaud M, Xie X, Bravo-San Pedro JM, Zitvogel L, White E, Kroemer G. An
autophagy-dependent anticancer immune response determines the efficacy
of melanoma chemotherapy. Oncoimmunology (2014) 3:¢944047. doi:10.4161/
21624011.2014.944047

Casares N, Pequignot MO, Tesniere A, Ghiringhelli E Roux S, Chaput N,
et al. Caspase-dependent immunogenicity of doxorubicin-induced tumor cell
death. ] Exp Med (2005) 202:1691-701. doi:10.1084/jem.20050915
Ghiringhelli F, Apetoh L, Tesniere A, Aymeric L, Ma Y, Ortiz C, et al. Activation
of the NLRP3 inflammasome in dendritic cells induces IL-1p-dependent
adaptive immunity against tumors. Nat Med (2009) 15:1170-8. doi:10.1038/
nm.2028

Rodriguez-Salazar MDC, Franco-Molina MA, Mendoza-Gamboa E, Martinez-
Torres AC, Zapata-Benavides P, Lopez-Gonzilez JS, et al. The novel immu-
nomodulator IMMUNEPOTENT CRP combined with chemotherapy agent
increased the rate of immunogenic cell death and prevented melanoma
growth. Oncol Lett (2017) 14:844-52. d0i:10.3892/01.2017.6202

Dudek-Peri¢ AM, Ferreira GB, Muchowicz A, Wouters J, Prada N, Martin S,
et al. Antitumor immunity triggered by melphalan is potentiated by mela-
noma cell surface-associated calreticulin. Cancer Res (2015) 75:1603-14.
doi:10.1158/0008-5472.CAN-14-2089

Schiavoni G, Sistigu A, Valentini M, Mattei F, Sestili P, Spadaro E et al.
Cyclophosphamide synergizes with type I interferons through systemic
dendritic cell reactivation and induction of immunogenic tumor apoptosis.
Cancer Res (2011) 71:768-78. doi:10.1158/0008-5472.CAN-10-2788

Sevko A, Sade-Feldman M, Kanterman J, Michels T, Falk CS, Umansky L,
et al. Cyclophosphamide promotes chronic inflammation-dependent immu-
nosuppression and prevents antitumor response in melanoma. ] Invest
Dermatol (2013) 133:1610-9. doi:10.1038/jid.2012.444

Rossowska J, Pajtasz-Piasecka E, Anger N, Wojas-Turek J, Kicielinska J,
Piasecki E, et al. Cyclophosphamide and IL-12-transduced DCs enhance
the antitumor activity of tumor antigen-stimulated DCs and reduce Tregs
and MDSCs number. ] Immunother (2014) 37:427-39. do0i:10.1097/CJ1.
0000000000000054

Ellebaek E, Engell-Noerregaard L, Iversen TZ, Froesig TM, Munir S,
Hadrup SR, et al. Metastatic melanoma patients treated with dendritic cell
vaccination, interleukin-2 and metronomic cyclophosphamide: results from a
phase II trial. Cancer Immunol Immunother (2012) 61:1791-804. doi:10.1007/
500262-012-1242-4

Rozera C, Cappellini GA, D'’Agostino G, Santodonato L, Castiello L, Urbani E
et al. Intratumoral injection of IFN-alpha dendritic cells after dacarbazine
activates anti-tumor immunity: results from a phase I trial in advanced mela-
noma. J Transl Med (2015) 13:139. doi:10.1186/s12967-015-0473-5

Camilio KA, Berge G, Ravuri CS, Rekdal O, Sveinbjornsson B. Complete
regression and systemic protective immune responses obtained in B16 mel-
anomas after treatment with LTX-315. Cancer Immunol Immunother (2014)
63:601-13. doi:10.1007/500262-014-1540-0

Eike LM, Mauseth B, Camilio KA, Rekdal @, Sveinbjernsson B. The Cytolytic
amphipathic (2,2)-amino acid LTX-401 induces DAMP release in melanoma
cells and causes complete regression of B16 melanoma. PLoS One (2016)
11:0148980. doi:10.1371/journal.pone.0148980

Donnelly OG, Errington-Mais F, Steele L, Hadac E, Jennings V, Scott K, et al.
Measles virus causes immunogenic cell death in human melanoma. Gene Ther
(2013) 20:7-15. doi:10.1038/gt.2011.205

Heinrich B, Klein ], Delic M, Goepfert K, Engel V, Geberzahn L, et al.
Immunogenicity of oncolytic vaccinia viruses JX-GFP and TG6002 in a
human melanoma in vitro model: studying immunogenic cell death, dendritic

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

cell maturation and interaction with cytotoxic T lymphocytes. Onco Targets
Ther (2017) 10:2389-401. doi:10.2147/OTT.S126320

Errington F, White CL, Twigger KR, Rose A, Scott K, Steele L, et al. Inflam-
matory tumour cell killing by oncolytic reovirus for the treatment of mela-
noma. Gene Ther (2008) 15:1257-70. doi:10.1038/gt.2008.58

Zhang SN, Choi IK, Huang JH, Yoo JY, Choi KJ, Yun CO. Optimizing DC
vaccination by combination with oncolytic adenovirus coexpressing IL-12
and GM-CSE Mol Ther (2011) 19:1558-68. d0i:10.1038/mt.2011.29

Martin S, Dudek-Peri¢ AM, Maes H, Garg AD, Gabrysiak M, Demirsoy S,
et al. Concurrent MEK and autophagy inhibition is required to restore cell
death associated danger-signalling in Vemurafenib-resistant melanoma cells.
Biochem Pharmacol (2015) 93:290-304. doi:10.1016/j.bcp.2014.12.003
Adkins I, Fucikova J, Garg AD, Agostinis P, Spisek R. Physical modalities
inducing immunogenic tumor cell death for cancer immunotherapy. Onco-
immunology (2015) 3:e968434. doi:10.4161/21624011.2014.968434

Khan M, Almasan N, Almasan A, Macklis R. Future of radiation therapy
for malignant melanoma in an era of newer, more effective biological agents.
Onco Targets Ther (2011) 4:137. doi:10.2147/OTT.S20257

Huang YY, Vecchio D, Avci P, Yin R, Garcia-Diaz M, Hamblin MR. Melanoma
resistance to photodynamic therapy: new insights. Biol Chem (2013) 394:
239-50. doi:10.1515/hsz-2012-0228

Sharma KV, Davids LM. Depigmentation in melanomas increases the efficacy
of hypericin-mediated photodynamic-induced cell death. Photodiagnosis
Photodyn Ther (2012) 9:156-63. doi:10.1016/j.pdpdt.2011.09.003

Hargadon KM. Tumor-altered dendritic cell function: implications for
anti-tumor immunity. Front Immunol (2013) 4:192. doi:10.3389/fimmu.
2013.00192

Oosterhoff D, Lougheed S, van de Ven R, Lindenberg J, van Cruijsen H,
Hiddingh L, et al. Tumor-mediated inhibition of human dendritic cell differ-
entiation and function is consistently counteracted by combined p38 MAPK
and STAT3 inhibition. Oncoimmunology (2012) 1:649-58. doi:10.4161/
onci.20365

Sombroek CC, Stam AGM, Masterson AJ, Lougheed SM, Schakel MJAG,
Meijer CJLM, et al. Prostanoids play a major role in the primary tumor-induced
inhibition of dendritic cell differentiation. J Immunol (2002) 168:4333-43.
doi:10.4049/jimmunol.168.9.4333

Péguet-Navarro ], Sportouch M, Popa I, Berthier O, Schmitt D, Portoukalian J.
Gangliosides from human melanoma tumors impair dendritic cell differ-
entiation from monocytes and induce their apoptosis. J Immunol (2003)
170:3488-94. doi:10.4049/jimmunol.170.7.3488

Bennaceur K, Popa I, Portoukalian J, Berthier-Vergnes O, Péguet-Navarro J.
Melanoma-derived gangliosides impair migratory and antigen-presenting
function of human epidermal Langerhans cells and induce their apoptosis.
Int Immunol (2006) 18:879-86. doi:10.1093/intimm/dx1024

Papaspyridonos M, Matei I, Huang Y, do Rosario Andre M, Brazier-
Mitouart H, Waite JC, et al. Id1 suppresses anti-tumour immune responses
and promotes tumour progression by impairing myeloid cell maturation.
Nat Commun (2015) 6:6840. doi:10.1038/ncomms7840

Mao Y, Poschke I, Wennerberg E, Pico de Coana Y, Egyhazi Brage S, Schultz I,
et al. Melanoma-educated CD14 + cells acquire a myeloid-derived suppressor
cell phenotype through COX-2-dependent mechanisms. Cancer Res (2013)
73:3877-87. doi:10.1158/0008-5472.CAN-12-4115

Wang T, Ge Y, Xiao M, Lopez-Coral A, Azuma R, Somasundaram R, et al.
Melanoma-derived conditioned media efficiently induce the differentiation
of monocytes to macrophages that display a highly invasive gene signature.
Pigment Cell Melanoma Res (2012) 25:493-505. doi:10.1111/j.1755-148X.
2012.01005.x

Gerlini G, Tun-Kyi A, Dudli C, Burg G, Pimpinelli N, Nestle FO. Metastatic
melanoma secreted IL-10 down-regulates CD1 molecules on dendritic cells
in metastatic tumor lesions. Am J Pathol (2004) 165:1853-63. d0i:10.1016/
$0002-9440(10)63238-5

Lindenberg JJ, van de Ven R, Lougheed SM, Zomer A, Santegoets SJ,
Griffioen AW, et al. Functional characterization of a STAT3-dependent
dendritic cell-derived CD14 * cell population arising upon IL-10-driven
maturation. Oncoimmunology (2013) 2:23837. doi:10.4161/onci.23837
Chen P, Huang Y, Bong R, Ding Y, Song N, Wang X, et al. Tumor-associated
macrophages promote angiogenesis and melanoma growth via adrenomedul-
lin in a paracrine and autocrine manner. Clin Cancer Res (2011) 17:7230-9.
doi:10.1158/1078-0432.CCR-11-1354

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1594


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1080/2162402X.2015.1008866
https://doi.org/10.1016/j.ctrv.2007.06.004
https://doi.org/10.1002/ijc.23886
https://doi.org/10.1158/0008-5472.CAN-10-1326
https://doi.org/10.4161/
21624011.2014.944047
https://doi.org/10.4161/
21624011.2014.944047
https://doi.org/10.1084/jem.20050915
https://doi.org/10.1038/nm.2028
https://doi.org/10.1038/nm.2028
https://doi.org/10.3892/ol.2017.6202
https://doi.org/10.1158/0008-5472.CAN-14-2089
https://doi.org/10.1158/0008-5472.CAN-10-2788
https://doi.org/10.1038/jid.2012.444
https://doi.org/10.1097/CJI.
0000000000000054
https://doi.org/10.1097/CJI.
0000000000000054
https://doi.org/10.1007/s00262-012-1242-4
https://doi.org/10.1007/s00262-012-1242-4
https://doi.org/10.1186/s12967-015-0473-5
https://doi.org/10.1007/s00262-014-1540-0
https://doi.org/10.1371/journal.pone.0148980
https://doi.org/10.1038/gt.2011.205
https://doi.org/10.2147/OTT.S126320
https://doi.org/10.1038/gt.2008.58
https://doi.org/10.1038/mt.2011.29
https://doi.org/10.1016/j.bcp.2014.12.003
https://doi.org/10.4161/21624011.2014.968434
https://doi.org/10.2147/OTT.S20257
https://doi.org/10.1515/hsz-2012-0228
https://doi.org/10.1016/j.pdpdt.2011.09.003
https://doi.org/10.3389/fimmu.
2013.00192
https://doi.org/10.3389/fimmu.
2013.00192
https://doi.org/10.4161/onci.20365
https://doi.org/10.4161/onci.20365
https://doi.org/10.4049/jimmunol.168.9.4333
https://doi.org/10.4049/jimmunol.170.7.3488
https://doi.org/10.1093/intimm/dxl024
https://doi.org/10.1038/ncomms7840
https://doi.org/10.1158/0008-5472.CAN-12-4115
https://doi.org/10.1111/j.1755-148X.
2012.01005.x
https://doi.org/10.1111/j.1755-148X.
2012.01005.x
https://doi.org/10.1016/S0002-9440(10)63238-5
https://doi.org/10.1016/S0002-9440(10)63238-5
https://doi.org/10.4161/onci.23837
https://doi.org/10.1158/1078-0432.CCR-11-1354

Hargadon

DC-Based Immunotherapy for Melanoma

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Tham M, Wai Tan K, Keeble ], Wang X, Hubert S, Barron L, et al. Melanoma-
initiating cells exploit M2 macrophage TGF&beta; and arginase pathway
for survival and proliferation. Oncotarget (2014) 5:12027-42. doi:10.18632/
oncotarget.2482

Hargadon KM, Bishop JD, Brandt JP, Hand ZC, Ararso YT, Forrest OA.
Melanoma-derived factors alter the maturation and activation of differen-
tiated tissue-resident dendritic cells. Immunol Cell Biol (2016) 94:24-38.
doi:10.1038/icb.2015.58

Ladanyi A, Kiss J, Somlai B, Gilde K, Fejés Z, Mohos A, et al. Density of
DC-LAMP+ mature dendritic cells in combination with activated T lym-
phocytes infiltrating primary cutaneous melanoma is a strong independent
prognostic factor. Cancer Immunol Immunother (2007) 56:1459-69.
doi:10.1007/500262-007-0286-3

Movassagh M, Spatz A, Davoust J, Lebecque S, Romero P, Pittet M, et al.
Selective accumulation of mature DC-lamp+ dendritic cells in tumor sites
is associated with efficient T-cell-mediated antitumor response and control
of metastatic dissemination in melanoma. Cancer Res (2004) 64:2192-8.
doi:10.1158/0008-5472.CAN-03-2969

Elliott B, Scolyer RA, Suciu S, Lebecque S, Rimoldi D, Gugerli O, et al. Long-
term protective effect of mature DC-LAMP+ dendritic cell accumulation in
sentinel lymph nodes containing micrometastatic melanoma. Clin Cancer
Res (2007) 13:3825-30. doi:10.1158/1078-0432.CCR-07-0358

Stoitzner P, Green LK, Jung JY, Price KM, Atarea H, Kivell B, et al. Inefficient
presentation of tumor-derived antigen by tumor-infiltrating dendritic
cells. Cancer Immunol Immunother (2008) 57:1665-73. d0i:10.1007/s00262-
008-0487-4

Vermi W, Bonecchi R, Facchetti F, Bianchi D, Sozzani S, Festa S, et al.
Recruitment of immature plasmacytoid dendritic cells (plasmacytoid mono-
cytes) and myeloid dendritic cells in primary cutaneous melanomas. J Pathol
(2003) 200:255-68. doi:10.1002/path.1344

Gerner MY, Mescher ME. Antigen processing and MHC-II presentation
by dermal and tumor-infiltrating dendritic cells. J Immunol (2009) 182:
2726-37. doi:10.4049/jimmunol.0803479

Ataera H, Hyde E, Price KM, Stoitzner P, Ronchese F Murine melanoma-
infiltrating dendritic cells are defective in antigen presenting function regard-
less of the presence of CD4+CD25+ regulatory T cells. PLoS One (2011)
6:¢17515. doi:10.1371/journal.pone.0017515

Ott PA, Henry T, Baranda SJ, Frleta D, Manches O, Bogunovic D, et al. Inhi-
bition of both BRAF and MEK in BRAFV600E mutant melanoma restores
compromised dendritic cell (DC) function while having differential direct
effects on DC properties. Cancer Immunol Immunother (2013) 62:811-22.
doi:10.1007/500262-012-1389-z

Jackson AM, Mulcahy LA, Zhu XW, O’Donnell D, Patel PM. Tumour-
mediated disruption of dendritic cell function: inhibiting the MEK1/2-p44/42
axis restores IL-12 production and Thl-generation. Int ] Cancer (2008)
123:623-32. d0i:10.1002/ijc.23530

Enk AH, Jonuleit H, Saloga J, Knop J. Dendritic cells as mediators of
tumor-induced tolerance in metastatic melanoma. Int ] Cancer (1997)
73:309-16. doi:10.1002/(SICI)1097-0215(19971104)73:3<309:AID-IJC1>3.
0.CO;2-3

Hargadon KM, Forrest OA, Reddy PR. Suppression of the maturation and
activation of the dendritic cell line DC2.4 by melanoma-derived factors. Cell
Immunol (2012) 272:275-82. d0i:10.1016/j.cellimm.2011.10.003

Hargadon KM, Ararso YT, Forrest OA, Harte CM. Melanoma-associated
suppression of the dendritic cell lines DC2.4 and JAWSIL. Am ] Immunol
(2012) 8:179-90. doi:10.3844/ajisp.2012.179.190

Vicari AP, Chiodoni C, Vaure C, Ait-Yahia S, Dercamp C, Matsos F, et al.
Reversal of tumor-induced dendritic cell paralysis by CpG immunostimu-
latory oligonucleotide and anti-interleukin 10 receptor antibody. ] Exp Med
(2002) 196:541-9. doi:10.1084/jem.20020732

Zelenay S, van der Veen AG, Boéttcher JP, Snelgrove KJ, Rogers N, Acton
SE, et al. Cyclooxygenase-dependent tumor growth through evasion of
immunity. Cell (2015) 162:1257-70. doi:10.1016/j.cell.2015.08.015

Jiang A, Bloom O, Ono S, Cui W, Unternaehrer J, Jiang S, et al. Disruption
of E-cadherin-mediated adhesion induces a functionally distinct pathway
of dendritic cell maturation. Immunity (2007) 27:610-24. doi:10.1016/j.
immuni.2007.08.015

Liang X, Fu C, Cui W, Ober-Blobaum JL, Zahner SP, Shrikant PA, et al.
B-Catenin mediates tumor-induced immunosuppression by inhibiting

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

cross-priming of CD8+ T cells. ] Leukoc Biol (2014) 95:179-90. doi:10.1189/
j1b.0613330

Iwata-Kajihara T, Sumimoto H, Kawamura N, Ueda R, Takahashi T,
Mizuguchi H, et al. Enhanced cancer immunotherapy using STAT3-depleted
dendritic cells with high Thl-inducing ability and resistance to cancer
cell-derived inhibitory factors. J Immunol (2011) 187:27-36. doi:10.4049/
jimmunol.1002067

Liu L, Yi H, Wang C, He H, Li P, Pan H, et al. Integrated nanovaccine with
microRNA-148a inhibition reprograms tumor-associated dendritic cells by
modulating miR-148a/DNMT1/SOCS]1 axis. ] Immunol (2016) 197:1231-41.
doi:10.4049/jimmunol. 1600182

Fainaru O, Almog N, Yung CW, Nakai K, Montoya-Zavala M, Abdollahi A,
et al. Tumor growth and angiogenesis are dependent on the presence of
immature dendritic cells. FASEB ] (2010) 24:1411-8. doi:10.1096/1].09-
147025

Xia S, Wei J, Wang ], Sun H, Zheng W, Li Y, et al. A requirement of dendritic
cell-derived interleukin-27 for the tumor infiltration of regulatory T cells.
J Leukoc Biol (2014) 95:733-42. doi:10.1189/j1b.0713371

Hong Y, Manoharan I, Suryawanshi A, Majumdar T, Angus-Hill ML,
Koni PA, et al. f-catenin promotes regulatory T-cell responses in tumors
by inducing vitamin A metabolism in dendritic cells. Cancer Res (2015)
75:656-65. d0i:10.1158/0008-5472.CAN-14-2377

Holtzhausen A, Zhao F, Evans KS, Tsutsui M, Orabona C, Tyler DS, et al.
Melanoma-derived Wnt5a promotes local dendritic-cell expression of IDO
and immunotolerance: opportunities for pharmacologic enhancement of
immunotherapy. Cancer Immunol Res (2015) 3:1082-95. doi:10.1158/2326-
6066.CIR-14-0167

Liu Q, Zhang C, Sun A, Zheng Y, Wang L, Cao X. Tumor-educated CD11b"¢"
Ta"" regulatory dendritic cells suppress T cell response through arginase I.
J Immunol (2009) 182:6207-16. doi:10.4049/jimmunol.0803926

Mahadevan NR, Anufreichik V, Rodvold JJ, Chiu KT, Sepulveda H,
Zanetti M. Cell-extrinsic effects of tumor ER stress imprint myeloid den-
dritic cells and impair CD8+ T cell priming. PLoS One (2012) 7:e51845.
doi:10.1371/journal.pone.0051845

Nakahara T, Oba J, Shimomura C, Kido-Nakahara M, Furue M. Early
tumor-infiltrating dendritic cells change their characteristics drastically in
association with murine melanoma progression. J Invest Dermatol (2016)
136:146-53. doi:10.1038/J1D.2015.359

Yaguchi T, Goto Y, Kido K, Mochimaru H, Sakurai T, Tsukamoto N, et al.
Immune suppression and resistance mediated by constitutive activation
of Wnt/f-catenin signaling in human melanoma cells. J Immunol (2012)
189:2110-7. doi:10.4049/jimmunol.1102282

Zhao E, Falk C, Osen W, Kato M, Schadendorf D, Umansky V. Activation
of p38 mitogen-activated protein kinase drives dendritic cells to become
tolerogenic in ret transgenic mice spontaneously developing melanoma. Clin
Cancer Res (2009) 15:4382-90. d0i:10.1158/1078-0432.CCR-09-0399

Tang M, Diao J, Gu H, Khatri I, Zhao J, Cattral MS. Toll-like receptor 2
activation promotes tumor dendritic cell dysfunction by regulating IL-6
and IL-10 receptor signaling. Cell Rep (2015) 13:2851-64. doi:10.1016/
j.celrep.2015.11.053

Ghiringhelli F, Puig PE, Roux S, Parcellier A, Schmitt E, Solary E, et al. Tumor
cells convert immature myeloid dendritic cells into TGF-beta-secreting cells
inducing CD4+CD25+ regulatory T cell proliferation. J Exp Med (2005)
202:919-29. doi:10.1084/jem.20050463

Munn DH, Sharma MD, Hou D, Baban B, Lee JR, Antonia SJ, et al. Expression
of indoleamine 2,3-dioxygenase by plasmacytoid dendritic cells in
tumor-draining lymph nodes. J Clin Invest (2004) 114:280-90. doi:10.1172/
JCI21583

Sharma MD, Hou DY, Liu Y, Koni PA, Metz R, Chandler P, et al. Indoleamine
2,3-dioxygenase controls conversion of Foxp3+ Tregs to TH17-like cells
in tumor-draining lymph nodes. Blood (2009) 113:6102-11. doi:10.1182/
blood-2008-12-195354

Aspord C, Leccia MT, Charles ], Plumas J. Plasmacytoid dendritic cells
support melanoma progression by promoting Th2 and regulatory immu-
nity through OX40L and ICOSL. Cancer Immunol Res (2013) 1:402-15.
doi:10.1158/2326-6066.CIR-13-0114-T

Sénchez-Paulete AR, Cueto FJ, Martinez-Lopez M, Labiano S, Morales-
Kastresana A, Rodriguez-Ruiz ME, et al. Cancer immunotherapy with
immunomodulatory anti-CD137 and anti-PD-1 monoclonal antibodies

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1594


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.18632/oncotarget.2482
https://doi.org/10.18632/oncotarget.2482
https://doi.org/10.1038/icb.2015.58
https://doi.org/10.1007/s00262-007-0286-3
https://doi.org/10.1158/0008-5472.CAN-03-2969
https://doi.org/10.1158/1078-0432.CCR-07-0358
https://doi.org/10.1007/s00262-
008-0487-4
https://doi.org/10.1007/s00262-
008-0487-4
https://doi.org/10.1002/path.1344
https://doi.org/10.4049/jimmunol.0803479
https://doi.org/10.1371/journal.pone.0017515
https://doi.org/10.1007/s00262-012-1389-z
https://doi.org/10.1002/ijc.23530
https://doi.org/10.1002/(SICI)1097-0215(19971104)73:3﻿<﻿309:AID-IJC1﻿>﻿3
.0.CO;2-3
https://doi.org/10.1002/(SICI)1097-0215(19971104)73:3﻿<﻿309:AID-IJC1﻿>﻿3
.0.CO;2-3
https://doi.org/10.1016/j.cellimm.2011.10.003
https://doi.org/10.3844/ajisp.2012.179.190
https://doi.org/10.1084/jem.20020732
https://doi.org/10.1016/j.cell.2015.08.015
https://doi.org/10.1016/j.immuni.2007.08.015
https://doi.org/10.1016/j.immuni.2007.08.015
https://doi.org/10.1189/jlb.0613330
https://doi.org/10.1189/jlb.0613330
https://doi.org/10.4049/jimmunol.1002067
https://doi.org/10.4049/jimmunol.1002067
https://doi.org/10.4049/jimmunol.1600182
https://doi.org/10.1096/fj.09-
147025
https://doi.org/10.1096/fj.09-
147025
https://doi.org/10.1189/jlb.0713371
https://doi.org/10.1158/0008-5472.CAN-14-2377
https://doi.org/10.1158/2326-6066.CIR-14-0167
https://doi.org/10.1158/2326-6066.CIR-14-0167
https://doi.org/10.4049/jimmunol.0803926
https://doi.org/10.1371/journal.pone.0051845
https://doi.org/10.1038/JID.2015.359
https://doi.org/10.4049/jimmunol.1102282
https://doi.org/10.1158/1078-0432.CCR-09-0399
https://doi.org/10.1016/
j.celrep.2015.11.053
https://doi.org/10.1016/
j.celrep.2015.11.053
https://doi.org/10.1084/jem.20050463
https://doi.org/10.1172/JCI21583
https://doi.org/10.1172/JCI21583
https://doi.org/10.1182/blood-2008-12-195354
https://doi.org/10.1182/blood-2008-12-195354
https://doi.org/10.1158/2326-6066.CIR-13-0114-T

Hargadon

DC-Based Immunotherapy for Melanoma

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

requires BATF3-dependent dendritic cells. Cancer Discov (2016) 6:71-9.
doi:10.1158/2159-8290.CD-15-0510

Tzeng A, Kauke MJ, Zhu EF, Moynihan KD, Opel CF, Yang NJ, et al.
Temporally programmed CD8a(+) DC activation enhances combination
cancer immunotherapy. Cell Rep (2016) 17:2503-11. doi:10.1016/j.celrep.
2016.11.020

Sluijter BJR, van den Hout MFCM, Koster BD, van Leeuwen PAM,
Schneiders FL, van de Ven R, et al. Arming the melanoma sentinel lymph
node through local administration of CpG-B and GM-CSF: recruitment
and activation of BDCA3/CD141+ dendritic cells and enhanced cross-
presentation. Cancer Immunol Res (2015) 3:495-505. doi:10.1158/2326-
6066.CIR-14-0165

van den Hout MFCM, Sluijter BJR, Santegoets SJAM, van Leeuwen PAM,
van den Tol MP, van den Eertwegh AJM, et al. Local delivery of CpG-B and
GM-CSF induces concerted activation of effector and regulatory T cells in
the human melanoma sentinel lymph node. Cancer Immunol Immunother
(2016) 65:405-15. doi:10.1007/s00262-016-1811-z

Chen D, Koropatnick J, Jiang N, Zheng X, Zhang X, Wang H, et al. Targeted
siRNA silencing of indoleamine 2, 3-dioxygenase in antigen-presenting cells
using mannose-conjugated liposomes. ] Immunother (2014) 37:123-34.
doi:10.1097/CJ1.0000000000000022

Bhanumathy K, Zhang B, Ahmed K, Qureshi M, Xie Y, Tao M, et al
Transgene IL-6 enhances DC-stimulated CTL responses by counteracting
CD4+25+Foxp3+ regulatory t cell suppression via IL-6-induced Foxp3
downregulation. Int ] Mol Sci (2014) 15:5508-21. doi:10.3390/ijms15045508
Aravindaram K, Wang PH, Yin SY, Yang NS. Tumor-associated antigen/
IL-21-transduced dendritic cell vaccines enhance immunity and inhibit
immunosuppressive cells in metastatic melanoma. Gene Ther (2014)
21:457-67. doi:10.1038/gt.2014.12

Conroy H, Galvin KC, Higgins SC, Mills KHG. Gene silencing of TGF-p1
enhances antitumor immunity induced with a dendritic cell vaccine by
reducing tumor-associated regulatory T cells. Cancer Immunol Immunother
(2012) 61:425-31. d0i:10.1007/500262-011-1188-y

Shen L, Evel-Kabler K, Strube R, Chen SY. Silencing of SOCS1 enhances
antigen presentation by dendritic cells and antigen-specific anti-tumor
immunity. Nat Biotechnol (2004) 22:1546-53. doi:10.1038/nbt1035
Evel-Kabler K, Song XT, Aldrich M, Huang XE, Chen SY. SOCSI restricts
dendritic cells” ability to break self tolerance and induce antitumor immu-
nity by regulating IL-12 production and signaling. J Clin Invest (2005) 116:
90-100. doi:10.1172/JCI26169

Zheng X, Zhang X, Vladau C, Li M, Suzuki M, Chen D, et al. A novel
immune-based cancer therapy using gene-silenced dendritic cells (48.8).
J Immunol (2007) 178(1 Suppl):S76.

Sioud M, Nyakas M, Saebge-Larssen S, Mobergslien A, Aamdal S, Kvalheim G.
Diversification of antitumour immunity in a patient with metastatic mela-
noma treated with ipilimumab and an IDO-silenced dendritic cell vaccine.
Case Rep Med (2016) 2016:1-7. doi:10.1155/2016/9639585

Chhabra A, Chakraborty NG, Mukherji B. Silencing of endogenous IL-10 in
human dendritic cells leads to the generation of an improved CTL response
against human melanoma associated antigenic epitope, MART-1 27-35.
Clin Immunol (2008) 126:251-9. doi:10.1016/j.clim.2007.11.011

Krawczyk CM, Holowka T, Sun J, Blagih ], Amiel E, DeBerardinis RJ, et al. Toll-
like receptor-induced changes in glycolytic metabolism regulate dendritic
cell activation. Blood (2010) 115:4742-9. doi:10.1182/blood-2009-10-249540
Everts B, Amiel E, Huang SC, Smith AM, Chang CH, Lam WY, et al. TLR-
driven early glycolytic reprogramming via the kinases TBK1-IKK? supports
the anabolic demands of dendritic cell activation. Nat Immunol (2014)
15:323-32. doi:10.1038/ni.2833

Everts B, Amiel E, van der Windt GJW, Freitas TC, Chott R, Yarasheski KE,
et al. Commitment to glycolysis sustains survival of NO-producing
inflammatory dendritic cells. Blood (2012) 120:1422-31. doi:10.1182/blood-
2012-03-419747

Pantel A, Teixeira A, Haddad E, Wood EG, Steinman RM, Longhi MP.
Direct type I IFN but not MDAS5/TLR3 activation of dendritic cells is required
for maturation and metabolic shift to glycolysis after poly IC stimulation.
PLoS Biol (2014) 12:¢1001759. doi:10.1371/journal.pbio.1001759
DeBerardinis RJ, Chandel NS. Fundamentals of cancer metabolism. Sci Adv
(2016) 2:€1600200. doi:10.1126/sciadv.1600200

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Pavlova NN, Thompson CB. The emerging hallmarks of cancer metabolism.
Cell Metab (2016) 23:27-47. doi:10.1016/j.cmet.2015.12.006

Renner K, Singer K, Koehl GE, Geissler EK, Peter K, Siska PJ, et al. Metabolic
hallmarks of tumor and immune cells in the tumor microenvironment. Front
Immunol (2017) 8:248. doi:10.3389/fimmu.2017.00248

Haq R, Shoag ], Andreu-Perez P, Yokoyama S, Edelman H, Rowe GC, et al.
Oncogenic BRAF regulates oxidative metabolism via PGCla and MITE
Cancer Cell (2013) 23:302-15. d0i:10.1016/j.ccr.2013.02.003

Laurenzana A, Chilla A, Luciani C, Peppicelli S, Biagioni A, Bianchini E, et al.
uPA/uPAR system activation drives a glycolytic phenotype in melanoma
cells. Int ] Cancer (2017) 141:1190-200. doi:10.1002/ijc.30817

Ratnikov BI, Scott DA, Osterman AL, Smith JW, Ronai ZA. Metabolic rewir-
ing in melanoma. Oncogene (2017) 36:147-57. doi:10.1038/0nc.2016.198
Auciello FR, Ross FA, Tkematsu N, Hardie DG. Oxidative stress activates
AMPK in cultured cells primarily by increasing cellular AMP and/or ADP.
FEBS Lett (2014) 588:3361-6. doi:10.1016/j.febslet.2014.07.025

Hardie DG, Ross FA, Hawley SA. AMPK: a nutrient and energy sensor that
maintains energy homeostasis. Nat Rev Mol Cell Biol (2012) 13:251-62.
do0i:10.1038/nrm3311

Shaw RJ, Bardeesy N, Manning BD, Lopez L, Kosmatka M, DePinho RA,
et al. The LKB1 tumor suppressor negatively regulates mTOR signaling.
Cancer Cell (2004) 6:91-9. doi:10.1016/j.ccr.2004.06.007

Shackelford DB, Vasquez DS, Corbeil J, Wu S, Leblanc M, Wu CL, et al. mTOR
and HIF-1alpha-mediated tumor metabolism in an LKB1 mouse model of
Peutz-Jeghers syndrome. Proc Natl Acad Sci U S A (2009) 106:11137-42.
doi:10.1073/pnas.0900465106

Gottfried E, Kunz-Schughart LA, Ebner S, Mueller-Klieser W, Hoves S,
Andreesen R, et al. Tumor-derived lactic acid modulates dendritic cell
activation and antigen expression. Blood (2006) 107:2013-21. doi:10.1182/
blood-2005-05-1795

Dong H, Bullock TNJ. Metabolic influences that regulate dendritic cell func-
tion in tumors. Front Immunol (2014) 5:24. doi:10.3389/fimmu.2014.00024
Huber V, Camisaschi C, Berzi A, Ferro S, Lugini L, Triulzi T, et al. Cancer
acidity: an ultimate frontier of tumor immune escape and a novel target
of immunomodulation. Semin Cancer Biol (2017) 43:74-89. do0i:10.1016/
j.semcancer.2017.03.001

Hoque R, Farooq A, Ghani A, Gorelick F, Mehal WZ. Lactate reduces liver
and pancreatic injury in toll-like receptor - and inflammasome-mediated
inflammation via GPR81-mediated suppression of innate immunity. Gastro-
enterology (2014) 146:1763-74. doi:10.1053/j.gastro.2014.03.014

Cassatella MA, Gasperini S, Bovolenta C, Calzetti F, Vollebregt M, Scapini P,
et al. Interleukin-10 (IL-10) selectively enhances CIS3/SOCS3 mRNA
expression in human neutrophils: evidence for an IL-10-induced pathway
that is independent of STAT protein activation. Blood (1999) 94:2880-9.
Zhang Z, Liu Q, Che Y, Yuan X, Dai L, Zeng B, et al. Antigen presentation
by dendritic cells in tumors is disrupted by altered metabolism that involves
pyruvate kinase M2 and its interaction with SOCS3. Cancer Res (2010)
70:89-98. doi:10.1158/0008-5472.CAN-09-2970

Herber DL, Cao W, Nefedova Y, Novitskiy SV, Nagaraj S, Tyurin VA, et al.
Lipid accumulation and dendritic cell dysfunction in cancer. Nat Med (2010)
16:880-6. doi:10.1038/nm.2172

Ramakrishnan R, Tyurin VA, Veglia F Condamine T, Amoscato A,
Mohammadyani D, et al. Oxidized lipids block antigen cross-presentation
by dendritic cells in cancer. ] Immunol (2014) 192:2920-31. doi:10.4049/
jimmunol.1302801

Coutant F, Agaugué S, Perrin-Cocon L, André P, Lotteau V. Sensing envi-
ronmental lipids by dendritic cell modulates its function. J Immunol (2004)
172:54-60. doi:10.4049/jimmunol.172.1.54

Cubillos-Ruiz JR, Silberman PC, Rutkowski MR, Chopra S, Perales-Puchalt A,
Song M, et al. ER stress sensor XBP1 controls anti-tumor immunity by
disrupting dendritic cell homeostasis. Cell (2015) 161:1527-38. doi:10.1016/
j.cell.2015.05.025

Young A, Ngiow SE, Madore J, Reinhardt J, Landsberg J, Chitsazan A, et al.
Targeting adenosine in BRAF-mutant melanoma reduces tumor growth
and metastasis. Cancer Res (2017) 77:4684-96. d0i:10.1158/0008-5472.
CAN-17-0393

Bastid J, Regairaz A, Bonnefoy N, Dejou C, Giustiniani J, Laheurte C, et al.
Inhibition of CD39 enzymatic function at the surface of tumor cells alleviates

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1594


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1158/2159-8290.CD-15-0510
https://doi.org/10.1016/j.celrep.
2016.11.020
https://doi.org/10.1016/j.celrep.
2016.11.020
https://doi.org/10.1158/2326-
6066.CIR-14-0165
https://doi.org/10.1158/2326-
6066.CIR-14-0165
https://doi.org/10.1007/s00262-016-1811-z
https://doi.org/10.1097/CJI.0000000000000022
https://doi.org/10.3390/ijms15045508
https://doi.org/10.1038/gt.2014.12
https://doi.org/10.1007/s00262-011-1188-y
https://doi.org/10.1038/nbt1035
https://doi.org/10.1172/JCI26169
https://doi.org/10.1155/2016/9639585
https://doi.org/10.1016/j.clim.2007.11.011
https://doi.org/10.1182/blood-2009-10-249540
https://doi.org/10.1038/ni.2833
https://doi.org/10.1182/blood-
2012-03-419747
https://doi.org/10.1182/blood-
2012-03-419747
https://doi.org/10.1371/journal.pbio.1001759
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.3389/fimmu.2017.00248
https://doi.org/10.1016/j.ccr.2013.02.003
https://doi.org/10.1002/ijc.30817
https://doi.org/10.1038/onc.2016.198
https://doi.org/10.1016/j.febslet.2014.07.025
https://doi.org/10.1038/nrm3311
https://doi.org/10.1016/j.ccr.2004.06.007
https://doi.org/10.1073/pnas.0900465106
https://doi.org/10.1182/blood-2005-05-1795
https://doi.org/10.1182/blood-2005-05-1795
https://doi.org/10.3389/fimmu.2014.00024
https://doi.org/10.1016/
j.semcancer.2017.03.001
https://doi.org/10.1016/
j.semcancer.2017.03.001
https://doi.org/10.1053/j.gastro.2014.03.014
https://doi.org/10.1158/0008-5472.CAN-09-2970
https://doi.org/10.1038/nm.2172
https://doi.org/10.4049/jimmunol.1302801
https://doi.org/10.4049/jimmunol.1302801
https://doi.org/10.4049/jimmunol.172.1.54
https://doi.org/10.1016/
j.cell.2015.05.025
https://doi.org/10.1016/
j.cell.2015.05.025
https://doi.org/10.1158/0008-5472.CAN-17-0393
https://doi.org/10.1158/0008-5472.CAN-17-0393

Hargadon

DC-Based Immunotherapy for Melanoma

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

their immunosuppressive activity. Cancer Immunol Res (2015) 3:254-65.
doi:10.1158/2326-6066.CIR-14-0018

Sadej R, Spychala J, Skladanowski AC. Expression of ecto-5-nucleotidase
(eN, CD73) in cell lines from various stages of human melanoma. Melanoma
Res (2006) 16:213-22. doi:10.1097/01.cmr.0000215030.69823.11

Wang H, Lee S, Nigro CL, Lattanzio L, Merlano M, Monteverde M, et al.
NT5E (CD73) is epigenetically regulated in malignant melanoma and
associated with metastatic site specificity. Br J Cancer (2012) 106:1446-52.
doi:10.1038/bjc.2012.95

Linnemann C, Schildberg FA, Schurich A, Diehl L, Hegenbarth SI, Endl E,
et al. Adenosine regulates CD8 T-cell priming by inhibition of mem-
brane-proximal T-cell receptor signalling. Immunology (2009) 128:728-37.
doi:10.1111/.1365-2567.2009.03075.x

Ohta A, Sitkovsky M. Extracellular adenosine-mediated modulation
of regulatory T cells. Front Immunol (2014) 5:304. doi:10.3389/fimmu.
2014.00304

Panther E, Corinti S, Idzko M, Herouy Y, Napp M, la Sala A, et al. Adenosine
affects expression of membrane molecules, cytokine and chemokine release,
and the T-cell stimulatory capacity of human dendritic cells. Blood (2003)
101:3985-90. doi:10.1182/blood-2002-07-2113

Novitskiy SV, Ryzhov S, Zaynagetdinov R, Goldstein AE, Huang Y,
Tikhomirov OY, et al. Adenosine receptors in regulation of dendritic cell
differentiation and function. Blood (2008) 112:1822-31. doi:10.1182/blood-
2008-02-136325

Cekic C, Day Y], Sag D, Linden J. Myeloid expression of adenosine A2A
receptor suppresses T and NK cell responses in the solid tumor microenviron-
ment. Cancer Res (2014) 74:7250-9. doi:10.1158/0008-5472.CAN-13-3583
Cekic C, Kayhan M, Koyas A, Akdemir I, Savas AC. Molecular mech-
anism for adenosine regulation of dendritic cells. JImmunol (2017)
198(1 Suppl):67.8.

Mondanelli G, Bianchi R, Pallotta MT, Orabona C, Albini E, Iacono A, et al.
A relay pathway between arginine and tryptophan metabolism confers
immunosuppressive properties on dendritic cells. Immunity (2017) 46:
233-44. doi:10.1016/j.immuni.2017.01.005

Galvin KC, Dyck L, Marshall NA, Stefanska AM, Walsh KP, Moran B,
et al. Blocking retinoic acid receptor-o enhances the efficacy of a dendritic
cell vaccine against tumours by suppressing the induction of regulatory
T cells. Cancer Immunol Immunother (2013) 62:1273-82. doi:10.1007/
500262-013-1432-8

Young A, Ngiow SE, Barkauskas DS, Sult E, Hay C, Blake S, et al. Co-inhibition
of CD73 and A2AR adenosine signaling improves anti-tumor immune
responses. Cancer Cell (2016) 30:391-403. doi:10.1016/j.ccell.2016.06.025
Yi H, Guo C, Yu X, Gao P, Qian J, Zuo D, et al. Targeting the immuno-
regulator SRA/CD204 potentiates specific dendritic cell vaccine-induced
T-cell response and antitumor immunity. Cancer Res (2011) 71:6611-20.
doi:10.1158/0008-5472.CAN-11-1801

Tian S, Liu Z, Donahue C, Falo LD, You Z. Genetic targeting of the active
transcription factor XBP1s to dendritic cells potentiates vaccine-induced
prophylactic and therapeutic antitumor immunity. Mol Ther (2012)
20:432-42. doi:10.1038/mt.2011.183

Zhang Y, Chen G, Liu Z, Tian S, Zhang J, Carey CD, et al. Genetic vaccines
to potentiate the effective CD103 * dendritic cell-mediated cross-priming
of antitumor immunity. JImmunol (2015) 194:5937-47. doi:10.4049/
jimmunol.1500089

SuJ, Gao T, Jiang M, Wu L, Zeng W, Zhao S, et al. CD147 silencing inhibits
tumor growth by suppressing glucose transport in melanoma. Oncotarget
(2016) 7:64778-84. doi:10.18632/oncotarget.11415

Koch A, Lang SA, Wild PJ, Gantner S, Mahli A, Spanier G, et al. Glucose
transporter isoform 1 expression enhances metastasis of malignant mela-
noma cells. Oncotarget (2015) 6:32748-60. doi:10.18632/oncotarget.4977
Amiel E, Everts B, Fritz D, Beauchamp S, Ge B, Pearce EL, et al. Mechanistic
target of rapamycin inhibition extends cellular lifespan in dendritic cells
by preserving mitochondrial function. JImmunol (2014) 193:2821-30.
doi:10.4049/jimmunol.1302498

Amiel E, Everts B, Freitas TC, King IL, Curtis JD, Pearce EL, et al. Inhibition
of mechanistic target of rapamycin promotes dendritic cell activation and
enhances therapeutic autologous vaccination in mice. J Immunol (2012)
189:2151-8. doi:10.4049/jimmunol. 1103741

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

202.

203.

204.

206.

207.

Raich-Regué D, Fabian KP, Watson AR, Fecek R], Storkus W], Thomson AW.
Intratumoral delivery of mTORC2-deficient dendritic cells inhibits
B16 melanoma growth by promoting CD8(+) effector T cell responses.
Oncoimmunology (2016) 5:e1146841. doi:10.1080/2162402X.2016.1146841
Bhatt AP, Redinbo MR, Bultman SJ. The role of the microbiome in cancer
development and therapy. CA Cancer ] Clin (2017) 67:326-44. doi:10.3322/
caac.21398

Xu C, Ruan B, Jiang Y, Xue T, Wang Z, Lu H, et al. Antibiotics-induced
gut microbiota dysbiosis promotes tumor initiation via affecting APC-Th1
development in mice. Biochem Biophys Res Commun (2017) 488:418-24.
doi:10.1016/j.bbrc.2017.05.071

Cheng M, Qian L, Shen G, Bian G, Xu T, Xu W, et al. Microbiota modulate
tumoral immune surveillance in lung through a T17 immune cell-
dependent mechanism. Cancer Res (2014) 74:4030-41. doi:10.1158/0008-
5472.CAN-13-2462

Paulos CM, Wrzesinski C, Kaiser A, Hinrichs CS, Chieppa M, Cassard L,
et al. Microbial translocation augments the function of adoptively transferred
self/tumor-specific CD8+ T cells via TLR4 signaling. ] Clin Invest (2007)
117:2197-204. doi:10.1172/JCI32205

Iida N, Dzutsev A, Stewart CA, Smith L, Bouladoux N, Weingarten RA,
et al. Commensal bacteria control cancer response to therapy by modulating
the tumor microenvironment. Science (2013) 342:967-70. doi:10.1126/
science.1240527

Sivan A, Corrales L, Hubert N, Williams JB, Aquino-Michaels K, Earley ZM,
et al. Commensal Bifidobacterium promotes antitumor immunity and facil-
itates anti-PD-L1 efficacy. Science (2015) 350:1084-9. doi:10.1126/science.
aac4255

Vetizou M, Pitt JM, Daillere R, Lepage P, Waldschmitt N, Flament C, et al.
Anticancer immunotherapy by CTLA-4 blockade relies on the gut micro-
biota. Science (2015) 350:1079-84. doi:10.1126/science.aad1329

Chaput N, Lepage P, Coutzac C, Soularue E, Le Roux K, Monot C, et al.
Baseline gut microbiota predicts clinical response and colitis in metastatic
melanoma patients treated with ipilimumab. Ann Oncol (2017) 28:1368-79.
doi:10.1093/annonc/mdx108

Wargo JA, Gopalakrishnan V, Spencer C, Karpinets T, Reuben A,
Andrews MC, et al. Association of the diversity and composition of the gut
microbiome with responses and survival (PFS) in metastatic melanoma
(MM) patients (pts) on anti-PD-1 therapy. ] Clin Oncol (2017) 35(15 Suppl):
3008-3008. doi:10.1200/JCO.2017.35.15_suppl.3008

Frankel AE, Coughlin LA, Kim J, Froehlich TW, Xie Y, Frenkel EP, et al.
Metagenomic shotgun sequencing and unbiased metabolomic profiling
identify specific human gut microbiota and metabolites associated with
immune checkpoint therapy efficacy in melanoma patients. Neoplasia (2017)
19:848-55. doi:10.1016/j.ne0.2017.08.004

Rooks MG, Garrett WS. Gut microbiota, metabolites and host immunity.
Nat Rev Immunol (2016) 16:341-52. d0i:10.1038/nri.2016.42

. Roy S, Trinchieri G. Microbiota: a key orchestrator of cancer therapy. Nat

Rev Cancer (2017) 17:271-85. d0i:10.1038/nrc.2017.13

Dubin K, Callahan MK, Ren B, Khanin R, Viale A, Ling L, et al. Intestinal
microbiome analyses identify melanoma patients at risk for checkpoint-
blockade-induced colitis. Nat Commun (2016) 7:10391. doi:10.1038/
ncomms10391

Salava A, Aho V, Pereira P, Koskinen K, Paulin L, Auvinen P, et al. Skin
microbiome in melanomas and melanocytic nevi. Eur ] Dermatol (2016)
26:49-55. doi:10.1684/€jd.2015.2696

Chng KR, Tay ASL, Li C, Ng AHQ, Wang J, Suri BK, et al. Whole metagenome
profiling reveals skin microbiome-dependent susceptibility to atopic derma-
titis flare. Nat Microbiol (2016) 1:16106. doi:10.1038/nmicrobiol.2016.106

. Ganju P, Nagpal S, Mohammed MH, Nishal Kumar P, Pandey R, Natarajan V'T,

et al. Microbial community profiling shows dysbiosis in the lesional skin of
Vitiligo subjects. Sci Rep (2016) 6:18761. doi:10.1038/srep18761
Vujkovic-Cvijin I, Wei M, Restifo NP, Belkaid Y. Role for skin-associated
microbiota in development of endogenous anti-melanocyte immunity in
vitiligo. J Immunol (2017) 198(1 Suppl):58.14.

Yang J, Qin Y, Li L, Cao C, Wang Q, Li Q, et al. Apoptotic melanoma
B16-F1 cells induced by lidamycin could initiate the antitumor immune
response in BABL/c mice. Oncol Res (2016) 23:79-86. doi:10.3727/096504
015X14478843952942

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1594


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1158/2326-6066.CIR-14-0018
https://doi.org/10.1097/01.cmr.0000215030.69823.11
https://doi.org/10.1038/bjc.2012.95
https://doi.org/10.1111/j.1365-2567.2009.03075.x
https://doi.org/10.3389/fimmu.
2014.00304
https://doi.org/10.3389/fimmu.
2014.00304
https://doi.org/10.1182/blood-2002-07-2113
https://doi.org/10.1182/blood-
2008-02-136325
https://doi.org/10.1182/blood-
2008-02-136325
https://doi.org/10.1158/0008-5472.CAN-13-3583
https://doi.org/10.1016/j.immuni.2017.01.005
https://doi.org/10.1007/s00262-013-1432-8
https://doi.org/10.1007/s00262-013-1432-8
https://doi.org/10.1016/j.ccell.2016.06.025
https://doi.org/10.1158/0008-5472.CAN-11-1801
https://doi.org/10.1038/mt.2011.183
https://doi.org/10.4049/jimmunol.1500089
https://doi.org/10.4049/jimmunol.1500089
https://doi.org/10.18632/oncotarget.11415
https://doi.org/10.18632/oncotarget.4977
https://doi.org/10.4049/jimmunol.1302498
https://doi.org/10.4049/jimmunol.1103741
https://doi.org/10.1080/2162402X.2016.1146841
https://doi.org/10.3322/caac.21398
https://doi.org/10.3322/caac.21398
https://doi.org/10.1016/j.bbrc.2017.05.071
https://doi.org/10.1158/0008-5472.CAN-13-2462
https://doi.org/10.1158/0008-5472.CAN-13-2462
https://doi.org/10.1172/JCI32205
https://doi.org/10.1126/science.1240527
https://doi.org/10.1126/science.1240527
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1126/science.aad1329
https://doi.org/10.1093/annonc/mdx108
https://doi.org/10.1200/JCO.2017.35.15_suppl.3008
https://doi.org/10.1016/j.neo.2017.08.004
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.1038/nrc.2017.13
https://doi.org/10.1038/ncomms10391
https://doi.org/10.1038/ncomms10391
https://doi.org/10.1684/ejd.2015.2696
https://doi.org/10.1038/nmicrobiol.2016.106
https://doi.org/10.1038/srep18761
https://doi.org/10.3727/096504015X14478843952942
https://doi.org/10.3727/096504015X14478843952942

Hargadon

DC-Based Immunotherapy for Melanoma

208. Son KJ, Choi KR, Ryu CK, Lee SJ, Kim H]J, Lee H. Induction of immunogenic
cell death of tumors by newly synthesized heterocyclic quinone derivative.
PLoS One (2017) 12:€0173121. doi:10.1371/journal.pone.0173121

209. Son K, Choi KR, Lee S], Lee H. Immunogenic cell death induced by ginse-
noside Rg3: significance in dendritic cell-based anti-tumor immunotherapy.
Immune Netw (2016) 16:75. d0i:10.4110/in.2016.16.1.75

210. Werthméller N, Frey B, Riickert M, Lotter M, Fietkau R, Gaipl US. Combi-
nation of ionising radiation with hyperthermia increases the immunogenic
potential of B16-F10 melanoma cells in vitro and in vivo. Int ] Hyperth (2016)
32:23-30. doi:10.3109/02656736.2015.1106011

Conflict of Interest Statement: The author declares that this review was written in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2017 Hargadon. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

23

November 2017 | Volume 8 | Article 1594


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1371/journal.pone.0173121
https://doi.org/10.4110/in.2016.16.1.75
https://doi.org/10.3109/02656736.2015.1106011
http://creativecommons.org/licenses/by/4.0/

	Strategies to Improve the Efficacy of Dendritic Cell-Based Immunotherapy for Melanoma
	Introduction
	Next-Generation DC-Based Immunotherapy for Melanoma
	Induction of Immunogenic Cell Death (ICD) as a Means of Promoting DC-Mediated Antitumor Immunity
	ICD and DC Activation
	Chemotherapy-Driven ICD and Its Potential for Activation of Endogenous Tumor-Associated DC
	Non-Chemotherapeutic Induction of ICD As a Means to Enhance Activation of Endogenous and Exogenous DC

	Interfering with Immunosuppressive Networks That Impair the Function of Tumor-Associated DC
	Melanoma-Associated Suppression of DC Differentiation
	Melanoma-Associated Suppression of DC Maturation and Activation
	Melanoma-Associated Induction of Regulatory DC Function
	Strategies to Overcome Melanoma-Associated Dysregulation of DC Function

	Overcoming Metabolic Constraints on DC Function within the Tumor Microenvironment
	Metabolic Reprogramming of DC and Tumor Cells
	Metabolic Suppression of DC in the Context of Melanoma
	Metabolic Interventions to Promote DC Function in the Context of Melanoma

	Modulating the Microbiome to Augment DC-Mediated Antitumor Immunity
	Gut Microbiome Influences on Natural Antitumor Immunity to Melanoma
	Gut Microbiome Influences on Therapy-Associated Immunity to Melanoma
	The Role of the Skin Microbiome in Immunity to Melanoma?

	Conclusion and Future Directions
	Author Contributions
	Funding
	References


