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Biomarkers for Immune Checkpoint
Inhibitors in Melanoma

Shigehisa Kitano'?*, Takayuki Nakayama' and Makiko Yamashita’

 Department of Experimental Therapeutics, National Cancer Center Hospital, Tokyo, Japan, 2 Division of Cancer
Immunotherapy, Exploratory Oncology Research and Clinical Trial Center, National Cancer Center, Tokyo, Japan

Immune checkpoint inhibitors have now become a standard therapy for malignant
melanoma. However, as immunotherapies are effective in only a limited number of
patients, biomarker development remains one of the most important clinical challenges.
Biomarkers predicting clinical benefit facilitate appropriate selection of individualized
treatments for patients and maximize clinical benefits. Many biomarkers derived from
tumors and peripheral blood components have recently been reported, mainly in retro-
spective settings. This review summarizes the recent findings of biomarker studies for
predicting the clinical benefits of immunotherapies in melanoma patients. Taking into
account the complex interactions between the immune system and various cancers,
it would be difficult for only one biomarker to predict clinical benefits in all patients. Many
efforts to discover candidate biomarkers are currently ongoing. In the future, verification,
by means of a prospective study, may allow some of these candidates to be combined
into a scoring system based on bioinformatics technology.

Keywords: biomarker, immune checkpoint inhibitor, malignant melanoma, cytotoxic T-lymphocyte-associated
antigen 4, programmed death-1

INTRODUCTION

In recent years, immune checkpoint inhibitors have increasingly been applied to the clinical develop-
ment of cancer immunotherapy. For malignant melanoma, ipilimumab, a humanized monoclonal
antibody (mAb) that blocks cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and nivolumab,
as well as pembrolizumab, a humanized mAb that blocks programmed death-1 (PD-1) on primed
T cells, have been approved and are now used as standard therapies. Several clinical trials have
investigated new agents, alone and in combination, for use in the treatment of advanced malignant
melanoma. However, immunotherapies are effective in only a limited number of patients and severe
immune-related adverse events (irAEs) develop in some patients. Biomarkers predicting clinical
benefit support appropriate the selection of individualized treatments for patients and maximize
clinical benefits. Thus, one of the most important tasks for advancing this form of therapy is to iden-
tify “baseline (pretreatment)” biomarkers predicting responses or toxicities. In general, biomarkers
are mainly divided into two functional categories, “prognostic” and “predictive” A prognostic
biomarker can be defined based on the effects of patient or tumor biology on the patient’s clinical
outcome. This includes patients at high risk for disease relapse who may thus derive benefit from
earlier treatments. On the other hand, a predictive biomarker is defined by the effects of treatment,
including tumor response and improvements in overall survival (OS), disease-free survival (DFS),
and progression-free survival (PFS). Many biomarker candidates have been identified, to date, in
retrospective settings. This review summarizes recent findings of biomarker studies designed to
identify means of predicting the clinical benefits of immunotherapies in melanoma patients, focus-
ing on three categories: tumor tissue, peripheral blood, and others (Table 1).
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TABLE 1 | Biomarkers for metastatic melanoma patients treated with immune
checkpoint inhibitor therapy.

Tumor (microenvironment) Reference
Immunohistochemistry (IHC)

Programmed death-ligand 1 (PD-L1) expression on tumor cells (1-4)
PD-L1 expression on immune cells (5-7)
Programmed death-1 expression on T cells (25)
Infiltration of CD8* cells (87-41)
Infiltration of CD4* cells (40)
Regulatory T cells (Tregs) (29, 30)
Myeloid-derived suppressor cells (MDSC) (81-35)

Tumor-associated macrophages (M2) (36)
Gene profiling (expression/mutation/amplification)

Tumor mutation burden (9-14)
Number of somatic mutations (non-synonymous mutations) (10, 11, 15-19)
Activation of IFN-y signaling (21, 22)

Amplification of WNT/p-catenine signaling (29)

Janus kinase (JAK) 1/JAK2 loss-of-function mutations (25, 26)
Peripheral blood

Number of lymphocytes (42, 43)
Number of Tregs (38, 44, 45)
Number of MDSCs (46-50)
Number of proliferating CD8* T cells (52-57)
Number of memory CD4* T cells (58-60)
Concentrations of cytokines (e.g., IL-6, IL-8, IL-10, and TGF-p) (62-64)
Concentration of VEGF (66)
PD-L1 expression on circulating tumor cells 8)
Soluble PD-L1 (67)
Others

Microbiome (68-70)
Fatty acids (71)
Vitiligo and rash (72-75)

BIOMARKERS IN TUMOR TISSUE

PD-L1 Expression on Tumor Cells
Programmed death-ligand 1 (PD-L1) expression has been inves-
tigated as a potential biomarker for PD-1 or the PD-L1 inhibitor.
In phase I trials, PD-L1 expression on tumor cells correlated with
the response to anti-PD-1 antibody (1). Given these promis-
ing results, several companies developed PD-L1 companion
diagnostic tests for anti-PD-1/PD-L1 antibody and patients with
PD-L1-positive tumors were considered to be good candidates
for anti-PD-1/PD-L1 antibody treatment. In fact, the U.S. Food
and Drug Administration has approved pembrolizumab, an anti-
PD-1 antibody, for the treatment of PD-LI1-positive non-small
cell lung cancer (NSCLC) and gastric cancer. However, there are
several problems while using PD-L1 expression as a biomarker
for immunotherapy. First, PD-L1 expression levels show hetero-
geneity within tumors (2). Second, PD-L1 is a dynamic marker
that can be affected by treatment and local inflammation (3).
Third, the optimal threshold level of PD-L1 expression remains
uncertain (4). In fact, some PD-L1 negative patients also derive
benefit from treatment with an anti-PD-1/PD-L1 inhibitor.
Interestingly, PD-L1 expression on tumor infiltrating immune
cells may be more predictive of responsiveness to anti-PD-1
antibody than the level of PD-L1 expression by the tumor (5).
Furthermore, while PD-L1 expression on tumor cells did not
tend to be related to the response rate in melanoma patients

treated with anti-PD-1 antibody (nivolumab) and anti-CTLA-
4-antibody (ipilimumab), there was a correlation with a good
response in non-small lung cancer patients treated with these
drugs (6, 7). On the other hand, Schott et al. reported that PD-L1
expression on “circulating” tumor cells might also be a potential
biomarker (8). They suggested circulating tumor cells to possibly
be precursors of metastatic disease, with PD-L1 expression allow-
ing stratification according to the anticipated response to therapy.
Further study is needed to determine the clinical significance of
PD-LI expression.

Genes: Mutation-Burden and Gene-

Expression

Melanoma is characterized by having one of the highest muta-
tion burdens of any cancer (9, 10). These somatic mutations gene-
rate immunogenic-neoantigens recognized as tumor-antigens,
possibly triggering effective anti-tumor immune responses
(11-13). Genomic analysis revealed that a high mutational
load at baseline may predict better survival but not treatment
responses (13), and the mutation burden after PD-1 therapy was
reportedly decreased in melanoma patients who responded to
treatment (14).

Genes harboring significant mutations included BRAF,
CDKNZ2A, NRAS, PTEN, and TP53 in cutaneous melanoma,
BRAF, NRAS, NFI, and KIT in acral melanoma (hands and
feet), and SF3B1I in mucosal melanoma (internal body surfaces)
(15-17). The BRAF mutation was the most common, being
detected in approximately half of metastatic melanoma patients.
In the current treatment of melanoma, only BRAF V600 mutations
are regarded as being molecular markers applicable to treatment
decision-making strategies (10, 18). Several studies of CTLA-4
and PD-1 therapy have revealed that BRAF V600E mutations do
not correlate with either the response to CTLA-4 therapy or the
resulting OS, whereas the correlation with the response of melano-
mas to PD-1 therapy was significant (11, 19). On the other hand,
inactivation of CDKN2A and/or PTEN is regarded as an important
mechanism underlying resistance and/or durable responses to
BRAF-inhibitor-based therapy, but is not currently taken into
consideration in the clinical decision-making process (10).

Previous sequence studies, such as The Cancer Genome Atlas
study, used exome and low-pass whole-genome sequencing (WGS).
In 2017, Hayward et al. reported the first large, high-coverage
WGS study of melanomas (cutaneous, acral, and mucosal sub-
types), including analysis of the non-coding region. Their report
showed that the number of mutations in the non-coding region
was detected as a number equivalent to that in the coding region,
and that the most common mutations in the non-coding region
were in the TERT promoter upstream from the initiation codon
(69% of all melanomas and 86% of cutaneous melanomas) (17).
Moreover, Ishida et al. preliminarily reported a correlation bet-
ween HLA-A*26 alleles and the response to anti-PD-1 (nivolumab)
therapy in Japanese patients with metastatic melanoma (20).
HLA accounts for some of the individual differences in antigen-
specific immune responses, and might provide useful informa-
tion for devising individualized immunotherapeutic regimens.
The associations of these new findings with clinical responses to
immunotherapies merit further investigation.
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On the other hand, there have been several investigations of
the gene expressions on tumor tissues, for their value in predict-
ing responses to immune checkpoint inhibitors. Immunohisto-
chemistry and gene profiling assays have suggested the presence of
a “T-cell-inflamed tumor microenvironment,” with an abundance
of chemokines and an IFN-y signature, to correlate with the
clinical efficacy of immune checkpoint inhibitors in melanoma
patients (21, 22). Numerous studies have revealed the molecular
mechanisms underlying lack of T-cell infiltration and resistance of
melanomas to immune checkpoint therapy, such as the melanoma-
intrinsic active WNT/f-catenin-signaling pathway (23) and
enrichment for mutations in PTEN (24), loss-of-function muta-
tions in Janus kinase (JAK1)/JAK2 (which are involved in IFNy
signaling), and p2 microglobulin (an MHC class I subunit) (25, 26).

Tumor Infiltrating Lymphocytes (TILs)

Tumor infiltrating lymphocytes, such as T cells, macrophages,
and various types of immune suppressive cells, are considered
to be the most important players in the regulation of anti-
tumor immune responses. Several studies have demonstrated
an increase in the TIL number to correlate with good clinical
responses and a higher survival rate of patients with melanoma
and various other cancers (27, 28).

In melanoma patients, immune suppressive cells, such as
regulatory T cells (Tregs) (29, 30), monocytic myeloid-derived
suppressor cells (m-MDSCs) (31-35), and tumor-associated
(activated) macrophages (TAM; M2) (36), were reportedly
increased in number and thereby inhibited effector T cells, result-
ing in an increase in tumor growth.

In contrast, a number of investigators have reported the quan-
tity of infiltrating CD8"CD45RO" effector memory T cells to be
clearly associated with longer DFS and OS, for many cancer types
including melanoma (37-39). Recently, Wei et al. comprehensively
profiled the effects of CTLA-4/PD-1-targeted immunotherapy on
tumor infiltrating immune cells. Their study revealed that PD-1
blockade and CTLA-4 blockade both led to a subset of exhausted-
like CD8* T cells (CD45RO*PD-1*T-bet*EOMES*). They also
showed that CTLA-4 blockade induced the expansion of an ICOS*
Thl-like CD4 effector population (CD45RO*PD-1°TBET* and
CD69%) in melanoma patients. These observations suggested that
these two immunotherapies target specific subsets of exhausted-
like CD8" T cells, but drive different cellular mechanisms to
induce tumor rejection (40). Moreover, Canale et al. described
high expression of CD39 on CD8* infiltrating T cells as being
increased in melanoma lesions. CD39 is the immunosuppres-
sive enzyme termed ATP ectonucleotidase, and CD39"s"CD8*
T cells reportedly exhibit features of cellular exhaustion, such
as reduced production of tumor necrosis factor and interleukin
(IL)-2, as well as expressions of co-inhibitory receptors (41).

BIOMARKERS IN PERIFERAL BLOOD

Peripheral Blood Mononuclear Cells
(PBMCs)

Blood biomarkers have most frequently been analyzed for cor-
relations with clinical responses to immunotherapies. Baseline

and/or post-treatment changes in absolute counts of white blood
cells, lymphocytes, eosinophils, neutrophils, and monocytes, as
well as ratios of neutrophils or monocytes to lymphocytes may
both be promising and routinely available blood markers that
have shown associations with responses to immune checkpoint
inhibitors (11, 42, 43).

Recently, several studies have raised the possibility of cir-
culating immune cells as predictive biomarkers for immune
checkpoint inhibitors. The frequency of circulating Tregs is
reportedly associated with disease progression and poor patient
survival for many carcinomas treated with immunotherapy
(38, 44, 45). Numerous studies have found that high levels of
circulating m-MDSCs in various forms of cancer, including
melanoma, correlate with poor survival (46-48). In patients
treated with anti-PD-1 antibody, m-MDSCs were reported to be
a blood cytology marker showing significant correlations with
all outcome parameters (49, 50). However, human MDSCs have
yet to be clearly characterized both biologically and phenotypi-
cally. A very recent study demonstrated that the frequency of
CD14*CD16 HLA-DR" monocytes predicts both PFS and OS of
melanoma patients treated with anti-PD-1 antibody, based on
analysis employing high-dimensional single-cell mass cytom-
etry (51). This CD14* population including MDSCs might be
useful as a predictive and/or prognostic biomarker for cancer
patients receiving immunotherapy, but further investigation is
needed to clarify the phenotype and biological characteristics of
this diverse population of cells.

On the other hand, several studies examining circulating
T cells have shown the involvement of CD8* T cells, such as
the proliferating (Ki67*) CD8* effector-like T cells, in NSCLC
patients receiving PD-1-therapy (52), and neoantigen-specific
circulating CD8* T cells in melanoma (53, 54). The latter are
CD8* T cells expressing PD-1. In addition, two complementary
reports showed that CD28, a member of the same family as PD-1
(including CTLA-4 and ICOS), expressed on CD8* T cells is a
key molecule in PD-1-targeted therapy (55). Hui et al. showed
that “CD28 is the primary target of PD-1 signaling,” using a
cell-free membrane reconstitution system. Their report revealed
that PD-1 was phosphorylated in response to PD-LI ligation,
thereby preferentially inducing dephosphorylation of CD28
(but not the T cell receptor), resulting in the inhibition of T cell
proliferation (56). On the other hand, Kamphorst et al. found
that, in lung cancer patients, proliferating Ki67*PD-1*CD8*
T cells were increased in peripheral blood, and subsequently
activated (CD38*, HLA-DR*) and mostly expressed CD28
(57), implying that CD28 signaling is associated with rescue
of the exhausted CD8" T cells in PD-1 targeted therapies.
These findings are reasonable and it is interesting that CD28,
belonging to the same family as PD-1, is a key molecule in
PD-1-targeted therapy, although its applicability as a predictive/
prognostic biomarker in melanoma patients is as yet unclear.
Moreover, whether other family members, including CTLA-4
and ICOS, have similar features in immune checkpoint therapy,
remains unknown. Elucidating these issues might reveal novel
useful biomarkers for use alone and/or in combination with
PD-1-targeted therapy. Another interesting, and potentially
important, finding of these studies is that proliferating CD8*
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effector-like T cells were reportedly increased following PD-1-
targeted therapy.

Several recent studies, focusing on circulating CD4* T cells,
found that increases in central memory CD4" T cells (CD27%,
FAS-, CD45RA™, and CCR7%) (58), and IL-9-producing CD4*
T helper (Th9) cells (59), correlated with good clinical responses
of melanoma patients to anti-PD-1 therapy. Moreover, in lung
cancer patients treated with nivolumab, the frequencies of
CD62L"CD4* T cells and Tregs (CD25*Foxp3*CD4") in pre-
treatment PBMC were reported to correlate significantly with
clinical responses (60). Their ASCO presentation outlined the
major differences in pre-existing immunity, among patients
showing a partial response, stable disease, or progressive disease,
in response to anti-PD-1 Ab, as reflected by the status of CD4*
T cells, i.e., the balance between primed effector and Tregs. These
recent reports raised the possibility that, in peripheral blood, not
only T cell exhaustion but also activation of effector CD8* T cells
and increases in memory T cells appear to be highly important,
and not only phenotyping markers but also functional molecules
can serve important roles as prognostic and/or predictive factors
for immune checkpoint inhibitors. Although peripheral blood
analysis may provide valuable insights into the responses of can-
cer patients to immune checkpoint inhibitors, more investigation
is needed before these biomarkers can be applied in clinical
settings.

OTHERS

Soluble Factors (Serum/Circulating

Factors)

Lactate dehydrogenase was frequently investigated in previ-
ous studies and showed significant correlations with OS and
PES, whereas there were no correlations with responses to
treatments (61). Recently, several studies have revealed that
serum cytokine levels to correlate with responses to immune
checkpoint inhibitors. Sanmamed et al. showed serum IL-8
levels to be highly correlated with tumor burden changes in
metastatic melanoma and NSCLC patients during treatment
with anti-PD-1/anti-CTLA-4 therapy (62, 63), and Yamazaki
et al. reported that pretreatment serum IFN-y, IL-6, and IL-10
levels were significantly higher in those with tumor progression
among patients with advanced melanoma given nivolumab
(64). In addition, in patients with metastatic melanoma receiv-
ing nivolumab, the activity of soluble CD73, which is an enzyme
that hydrolyzes extracellular AMP to adenosine, in blood was
shown to be significantly associated with clinical outcomes (65).
Moreover, Frankhauser et al., studying metastatic melanoma
patients, reported gene expression of vascular endothelial
growth factor-C (VEGF-C) to correlate markedly with both
CCL21 and T cell inflammation, and that serum VEGEF-C
concentrations were associated with both T cell activation/
expansion and clinical responses to checkpoint blockade (66).

Soluble PD-L1 (sPD-L1)

Pretreatment sPD-L1 levels reportedly correlate with progression
of advanced melanoma treated with anti-CTLA-4 or anti-PD-1

antibody. Although changes in circulating sPD-L1 in the early
phase after starting treatment did not distinguish responders from
non-responders, patients who had increased circulating sPD-L1
after 5 months of treatment tended to show partial responses
(67). The biology of sPD-L1 remains unclear and merits further
research.

Microbiome

A vast number of microbes colonize the human body. This
colonization is associated with many diseases, including various
malignancies. During the past decade, the advent of metagen-
omic sequencing that combines next-generation DNA sequenc-
ing technologies with computational analyses has allowed us to
analyze the relationships between the microbiome and various
cancers. Recent studies have suggested that the gut microbiome
may affect the efficacy of immune checkpoint inhibitors and,
consequently, that changing the gut microbiome of a mouse or
even a human patient might make tumors more responsive to
immune checkpoint inhibitors. This possibility was first evalu-
ated using preclinical models. Vétizou et al. showed that the
efficacy of anti-CTLA-4 therapy was diminished in a germ-free
mouse model. In addition, the use of broad-spectrum antibio-
tics to eliminate gut microbiota altered the anti-tumor effect of
anti-CTLA-4 therapy (68). Sivan et al. reported that Bifidobacte-
rium counts decreased in parallel with the anti-tumor effects
of anti-PD-L1 therapy in a mouse model (69). Furthermore,
Gopalakrishnan et al. indicated that anti-PD-1 immunotherapy
in melanoma patients may be modulated by the gut microbiome.
These researchers reported significantly higher alpha diversity
and a relative abundance of Ruminococcaceae bacteria in the gut
microbiome of responders (70). These findings indicated that
specific organisms comprising the gut microbiome enhanced
anti-tumor responses in patients treated with immune check-
point inhibitors. Although the gut microbiome is a potential
predictive marker of immunotherapy, a larger prospective study
is needed to confirm these results.

Fatty Acids

Kim et al. investigated cellular metabolome and lipidome altera-
tions related to melanoma metastasis. Their analysis showed a
progressive increase in phosphatidylinositol species with satu-
rated and monounsaturated fatty acyl chains, as the metastatic
potential of the melanoma cells rose, highlighting these lipids
as possible biomarkers (71).

Vitiligo and Rash

Immune checkpoint inhibitors have a rather unique adverse
event profile, generally described as irAEs, which are most com-
monly observed in the skin, the gastrointestinal tract, the lungs,
the liver, endocrine system, and other organs. Cutaneous irAEs
are much more common adverse events in patients with mela-
noma than in those with other solid tumors. Although vitiligo
is attributed to an autoantibody to melanocytes, the etiology of
vitiligo is not understood in detail. Vitiligo occurrence has long
been speculated to be related to tumor shrinkage in melanoma
patients (72). Vitiligo develops in 13-26% of patients treated
with nivolumab (73, 74), though grade III/IV disease is rare.
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factors have been proposed as distinct biomarkers of responses to immune checkpoint blockade therapy. Recently, there have been innovative advancements

in assay technology that have made it possible to comprehensively profile the biology and phenotype of the tumor-microenvironment, peripheral blood, and other
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Recent studies have shown vitiligo and rash to be associated
with a significant OS improvement in metastatic melanoma
patients treated with immune checkpoint inhibitors (73-75).
Furthermore, Nakamura et al. suggested that the occurrence of
vitiligo might not be regarded as an early marker of good clini-
cal response because the mean time to vitiligo occurrence was
approximately 5 months after starting nivolumab (73). The onset
times of vitiligo vary considerably depending on the type of drug
administered and patient features. Thus, when we use cutane-
ous irAEs as a biomarker for immune checkpoint inhibitors, we
should take into consideration the characteristics of each drug.

CONCLUSION

Numerous candidate biomarkers are currently the focus of
research, based mainly on retrospective analyses. Most notably,
tumor mutation burden, intratumoral or immune cell expres-
sions of PD-L1, and CD8* T cell infiltration into the tumor
have been documented in several cohorts. For example, not
only melanoma but also lung carcinoma, one of the carcinomas
which also has a high mutation burden, shows good clinical
responses to PD-1/PD-L1 therapy. In lung carcinoma, mutation
burden, TIL accumulation, and/or PD-L1 expression on tumor
cells correlated with good clinical responses. However, renal
cell carcinoma is also reportedly responsive to PD-1 therapy,

despite having a low mutation burden, while TIL accumulation
and PD-L1 expression did not correlate with treatment effective-
ness. These observations suggest that these factors are not always
applicable to predicting clinical benefits. Taking into account the
complex interactions between the immune system and malig-
nancies via cell surface molecules, such as immune checkpoint
molecules, humoral factors, including proteins, cytokines, and
s0 on, it is not unreasonable to speculate that a single biomarker
would not allow clinical benefits to be predicted in all patients.
In the near future, by applying bioinformatics technology, sev-
eral biomarkers might be combined to produce a useful scoring
system, depending on the type of cancer, the stage, individual
treatments, and the timing of intervention. Recent advance-
ments in assay technology, such as mass cytometry (CyTOF),
multicolor IHC, multiplex gene analyzer, and so on (Figure 1),
have the potential to provide an abundance of biological and/
or phenotypical observations in a range of environments. Now
is the time to discover the candidate biomarkers which might
comprise such a future scoring system. Finally, needless to say,
a prospective study on a large patient population is essential.
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Department of Dermatology, Kagoshima University Graduate School of Medical and Dental Sciences, Kagoshima, Japan

Primary cutaneous lymphomas comprise a group of lymphatic malignancies that occur
primarily in the skin. They represent the second most common form of extranodal
non-Hodgkin’s lymphoma and are characterized by heterogeneous clinical, histological,
immunological, and molecular features. The most common type is mycosis fungoides
and its leukemic variant, Sézary syndrome. Both diseases are considered T-helper cell
type 2 (Th2) diseases. Not only the tumor cells but also the tumor microenvironment can
promote Th2 differentiation, which is beneficial for the tumor cells because a Th1 environ-
ment enhances antitumor immune responses. This Th2-dominant milieu also underlies
the infectious susceptibility of the patients. Many components, such as tumor-associated
macrophages, cancer-associated fibroblasts, and dendritic cells, as well as humoral
factors, such as chemokines and cytokines, establish the tumor microenvironment
and can modify tumor cell migration and proliferation. Multiagent chemotherapy often
induces immunosuppression, resulting in an increased risk of serious infection and poor
tolerance. Therefore, overtreatment should be avoided for these types of lymphomas.
Interferons have been shown to increase the time to next treatment to a greater degree
than has chemotherapy. The pathogenesis and prognosis of cutaneous T-cell ymphoma
(CTCL) differ markedly among the subtypes. In some aggressive subtypes of CTCLs,
such as primary cutaneous gamma/delta T-cell lymphoma and primary cutaneous
CD8* aggressive epidermotropic cytotoxic T-cell lymphoma, hematopoietic stem cell
transplantation should be considered, whereas overtreatment should be avoided with
other, favorable subtypes. Therefore, a solid understanding of the pathogenesis and
immunological background of cutaneous lymphoma is required to better treat patients
who are inflicted with this disease. This review summarizes the current knowledge in the
field to attempt to achieve this objective.

Keywords: cutaneous T-cell ymphoma, mycosis fungoides, Sézary syndrome, primary cutaneous CD30* T-cell
lymphoproliferative disorders, adult T-cell leukemia/lymphoma

OVERVIEW OF CUTANEOUS T-CELL LYMPHOMAS (CTCLs)

Non-Hodgkin lymphomas can occur at extranodal sites in approximately 27% of cases, with
the gastrointestinal tract and skin being the first and second most common sites of extranodal
involvement (1). Most nodal non-Hodgkin lymphomas are B-cell derived, which is in contrast to
the approximately 75-85% of primary cutaneous lymphomas that are T-cell derived (2-6). The
incidence of CTCLs has been increasing (7); consequently, 4-8 people per million currently suf-
fer from these cancers (8, 9). CTCL represents a series of skin-based neoplasms of T-cell origin,
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TABLE 1 | List of primary CTCLs.

Study group Frequency, % Disease-specific
5-year survival?, %
DACLG? SEER16° JSCS*
Mycosis fungoides 61.5 541 51.7 88
Sézary syndrome 3.5 1.2 2.3 24
Primary cutaneous CD30* T-cell lymphoproliferative disorders 26.0 14.4 14.3
Lymphomatoid papulosis 16.1 4.5 100
Primary cutaneous anaplastic large-cell lymphoma 9.9 9.4 95
Adult T-cell leukemia/lymphoma? 0.1 20.0
Subcutaneous panniculitis-like T-cell lymphoma 1.2 0.8 2.3 82
Primary cutaneous gamma/delta T-cell lymphoma 0.9 0.3 NR
Primary cutaneous CD4* small/medium T-cell lymphoproliferative disorder® 2.7 1.7 75
Hydroa vacciniforme-like lymphoproliferative disorder®
Primary cutaneous acral CD8* T-cell lymphoma®
Primary cutaneous CD8* aggressive epidermotropic cytotoxic T-cell lymphoma 1.0 0.4 18
Peripheral T-cell lymphoma, NOS? 3.2 29.4 6.9 16
Total no. of CTCL 1,469 2,750 1,451

NR, not reached; CTCL, cutaneous T-cell lymphoma.
2A portion of these diseases is considered as primary CTCL.
Provisional entity in World Health Organization classification (2016).

predominantly comprised of peripheral CD4* T-cells. There are
12 distinct CTCL subtypes (Table 1), with mycosis fungoides
(MF) being the most common (10). Primary cutaneous CD30*
T-cell lymphoproliferative disorders are the second most com-
mon, except in some countries in the Pacific where adult T-cell
leukemia/lymphoma (ATL) ranks second (6, 11).

MF/SEZARY SYNDROME (SS)

Mycosis fungoides and SS constitute the most common types of
primary CTCLs. MF is characterized by erythematous patches,
plaques, or tumors on the skin (Figure 1), with the involvement
of lymph nodes, blood, and viscera also possible. MF can mimic
benign inflammatory skin disorders, such as atopic dermatitis or
psoriasis; thus, it is not unusual for MF to remain undiagnosed
for years. Although MF is typically an indolent disorder, the
disease may progress toward or exhibit de novo more advanced
forms including tumors and erythroderma (>80% of the body
surface area showing patches/plaques without overt leukemia).
This can lead to lymph node or organ involvement, accompanied
by increased morbidity and mortality. Patients are classified as
having either early-stage (patches/plaques) or advanced-stage
(tumors, erythroderma, lymph node, and/or visceral involve-
ment) (12, 13). SS is the leukemic form of the disease, in which
erythroderma is accompanied by measurable levels of malignant
lymphocytes with cerebriform nuclei [i.e., Sézary cells (SC)] in
the blood. Typical SC counts would be >1,000/uL, with a CD4/
CDS8 ratio of >10 and a loss of one or more T-cell antigens
(CD4*CD7~ > 30% or CD4*CD26~ > 40%). Furthermore, CD30
expression is associated with a significantly reduced disease-
specific survival and is often associated with histologically detect-
able large cell transformation, hallmarking a more aggressive
clinical course (14).

In the past, SS has been considered a leukemic and aggressive
variant of ME. However, a recent study determined that MF and
SS arose from distinct T-cell subsets: SS from central memory

FIGURE 1 | Clinical findings of mycosis fungoides/Sézary syndrome.
(A) Patches, (B) plagues, (C) and nodules on the plaque. Written informed
consent was obtained from each patient.

T-cells and MF from skin-resident effector memory T-cells (15).
CD158k/killer cell immunoglobulin-like receptor 3DL2 repre-
sents a specific marker for the evaluation of SC (16); in particular,
CD4* CD158k* lymphocytes in blood from patients with SS cor-
respond to the malignant clonal cell population (17). In addition,
immunohistological finding of CD158k in affected skin is reported
to distinguish SS from MF (18). Clonal malignant T-cells from
the blood of patients with SS coexpress the lymph node homing
molecules C-C motif chemokine receptor 7 (CCR7)/CD197 and
CD62L/1-selectin, as well as the CD27 differentiation marker, a
characteristic of central memory T-cells. This is consistent with the
clinical presentation of peripheral blood disease, lymphadenopa-
thy, and diffuse erythroderma of the skin. In contrast, T-cells from
MF skin lesions do not express CCR7, L-selectin, and CD27, but
strongly express CCR4 and cutaneous lymphocyte antigen (CLA)/
CD162, characteristics of skin-resident effector memory T-cells.
This difference in the putative origins between SS (central memory
T-cell-derived) and MF (tissue-resident memory-derived) can
explain their distinct clinical behaviors; central memory T-cells
are long-lived, apoptosis-resistant cells that can be found in the
peripheral blood, lymph nodes, and skin, whereas skin-resident
memory T-cells remain in the skin and do not enter the general
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circulation. That MF and SS are derived from different T-cell
precursors is also supported by comparative genomic hybridiza-
tion and gene-expression profiling, demonstrating that the CTCL
genotypes are distinct (19, 20). Overall, MF is characterized by
gains on chromosomes 1 and 7 and losses on chromosome 9,
whereas SS is characterized by gains on chromosomes 8 and 17
and losses on chromosome 10. A multiplatform genomic analysis
of patients with SS detected (1) activating CCR4 and caspase
recruitment domain-containing protein 11 (CARDI11) mutations
in nearly one-third of patients; (2) deletion of zinc finger E-box
binding homeobox 1 (ZEBI), encoding a transcriptional repres-
sor essential for T-cell differentiation, in over one-half of patients;
and (3) overexpression of interleukin 32 (IL-32) and interleukin-2
receptor subunit gamma in nearly all patients (21).

ROLES OF CHEMOKINES IN
DEVELOPMENT OF SKIN PATHOLOGY

Malignant T-cells are suggested exhibit phenotypes of mature
CD4" memory T-cells, along with type 2 or 17 (Th2 or Th17
(22)) T-helper cell phenotypes, or be comprised of FOXP3
regulatory T-cells (Treg) (23, 24). Many chemokines are also
reportedly expressed in the affected skin of patients with CTCL,
suggesting that chemokine-receptor interactions play important
roles in disease progression (25). Chemokine receptor expres-
sion on tumor cells in MF varies with disease stage. In the patch
and plaque stages of ME, most infiltrating cells express CXC
chemokine receptor (CXCR) 3/CD183 in the affected skin (26).
CXCR3 binds three distinct ligands, namely CXC chemokine
ligand (CXCL) 9/monokine induced by gamma interferon
(MIG), interferon-gamma-inducible protein-10 (CXCL10/
IP-10), and interferon-inducible T cell alpha chemoattractant
(CXCL11/ITAC)/TIP-9; all are expressed in the affected skin in
the patch and plaque stages of MF (27-29). Various cell types
express these chemokines including keratinocytes, dermal
fibroblasts, and Langerhans cells. In the early stages of MF, expres-
sion of CXCL9, CXCL10, and CXCR3 is believed to be important
for recruitment and accumulation of tumor cells in the skin
(25, 28). However, later in the tumor stage, the tumor cells increase
in size and tend to express CCR4 instead of CXCR3 (30). The
expression levels of CXCL9 and CXCL10 also tend to be lower in
the affected skin of patients with MF during the tumor stage than
during the patch and plaque stages (31). Moreover, CCR6/CD196
and its ligand CCL20/macrophage inflammatory protein (MIP)-
3a are upregulated in advanced CTCL (32). Tumor MF cells
exhibit high levels of CCR7 (33), which is considered to be associ-
ated with loss of epidermotropism and migration to peripheral
lymph nodes, which constitutively synthesize the CCR7 ligands,
CCL19 and 21 (34). CCR?7 is also expressed at high levels in SC
(35), as mentioned in Section “MF/Sézary syndrome (SS)”
Circulating SC and skin-infiltrating cells in SS also express
CCRA4 (30, 35, 36). CCR4-expressing T-cells were found in CTCL
lesions along with high expression of two CCR4 ligands, namely
CC chemokine ligand (CCL) 17/thymus and activation-regulated
chemokine and CCL22/macrophage-derived chemokine (30).
CCL17 is expressed by endothelial cells and keratinocytes in the
affected skin of patients with MF and SS (30, 37). During the

tumor stage of ME, serum CCL17 levels are much higher than
those during the patch/plaque stages (37), suggesting the impor-
tance of CCL17-CCR4 interactions in tumor cell trafficking to the
skin of these patients. CCL22 is expressed by dendritic-like cells
and keratinocytes (30, 37). Serum CCL22 levels are significantly
higher in patients with MF than in healthy controls or patients
with psoriasis vulgaris (37).

CC chemokine ligand 27/cutaneous T cell attracting
chemokine is a CCR10 ligand that is constitutively produced
by activated keratinocytes in various diseases (38). CCRI10
is expressed on the tumor cells of MF and SS (35, 39). Strong
immunostaining of CCL27 has been observed in the affected skin of
patients with MF compared to that of unaffected individuals (39,
40). Serum CCL27 levels and the number of circulating CCR10*
CD4* cells are both increased in patients with MF compared to
that of control patients (39). Therefore, CCR10-CCL27 interac-
tions may also contribute to the migration of lymphoma cells to
the affected skin in MF and SS. In addition to CCR4 and CCRI10,
expression of the receptor for CXCL12/stromal cell-derived
factor 1, CXCR4, is observed in SC (36). CXCL12 is a chemoat-
tractant for CXCR4-positive cells and is strongly expressed in the
affected skin of patients with MF (41) and SS (36). Therefore,
CXCL12-CXCR4 interactions may also facilitate the recruitment
of lymphoma cells to the skin.

Th2-DOMINANT MICROENVIRONMENT

As the microenvironment in early-stage MF consists of non-
malignant Thl cells and CD8* tumor-infiltrating T cells, MF
and SS are considered Th2-type diseases, which are frequently
accompanied by eosinophilia and high serum levels of IgE. In the
early 1990s, peripheral blood mononuclear cells in patients with
SS and non-leukemic CTCL were reported to be Th2 dominant
(42, 43). In 1994, mRNA for Th2 cytokine was detected in the
skin of patients with MF (44). T-cell clones from patients with
SS were identified thereafter to have Th2-like properties (45).
However, in the early stages of MF, affected skin and peripheral
blood T-cells express a profile of Th1 cytokines (46, 47). The Th2
phenotype appears to be caused by leukemic T-cells, as cultur-
ing benign T-cells away from malignant clones reduces Th2 and
enhances Thl responses (48). The Th2-dominant microenviron-
ment is advantageous for tumor cells, because interferon (IFN)-y-
producing Th1 cellsenhance immune responses against the tumor.
Indeed, IFN-y has been shown to be effective for CTCL treat-
ment (49, 50). Adenoviral-mediated gene therapies that increase
expression of IFN-y have also been used successfully in CTCL
(51-53). CTCL cells can inhibit T-cell proliferation and suppress
dendritic cell (DC) maturation by secretion of Th2 cytokines
(54). Skin and nasal colonization with Staphylococcus aureus is
common in patients with MF/SS; in particular, a Th2-dominant
microenvironment may underlie this susceptibility to infection
(55). Infections of S. aureus and sepsis also frequently occur in
patients with CTCL (56). Accordingly, the major cause of death in
patients with erythrodermic MF and SS is intravenous line sepsis,
with S. aureus often being the causative microorganism (57).

In early-stage MF, signal transducers and activators of tran-
scription (STAT) 4, the activation of which is required for Thl
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differentiation, are overexpressed by IL-12 signaling via JAK2/
TYK2 (58). In later stages, IL-2 and IL-15 signaling via JAK1 and
JAK3 kinases activates STAT5, which increases the expression
of oncogenic miR-155 (59) and subsequently inhibits STAT4
expression (60), resulting in a switch from Th1 to Th2 phenotype
in malignant T cells. Downregulation of STAT4 is also induced
by deficiencies in IL-12 expression (58, 61) and lack of the IL-12R
B2 chain (58). During this switch, the expression of STAT6 is
often upregulated in CTCL (60). STAT5 activation is seen in both
early and late stages. Specifically, in the late stage, constitutive
STATS5 activation is induced by cytokine-independent JAK1/
JAK3 signaling (59). In the advanced stage, such constitutive
STAT3 activation, which increases survival and resistance to
apoptosis and promotes Th2 and Th17 phenotypes, is induced
by an IL-21 autocrine signaling loop (62), the presence of IL-7
and IL-15 in the microenvironment (63), and/or constitutive
cytokine-independent activation of JAK1 and JAK3 signaling
(64, 65). Moreover, GATA3, a transcriptional regulator of Th2-
cells, is overexpressed in SC via proteasome dysregulation (66).

CANCER-ASSOCIATED FIBROBLASTS

Fibroblasts are crucial components of the tumor microenviron-
ment, promoting the growth and invasion of cancer cells through
various mechanisms (67). The fibroblasts in the affected skin of
patients with advanced CTCL promote a Th2-dominant micro-
environment by augmenting Th2 and attenuating Th1l immune
responses. Increased expression of CCL26/eotaxin-3 is observed
in the dermal fibroblasts, keratinocytes, and endothelial cells of
the affected skin of patients with advanced MF (68). In addition,
serum CCL26 and CCL11/eotaxin-1 levels were shown to be higher
in patients with CTCL than in healthy control patients, which
correlated with serum soluble interleukin-2 receptor (sIL-2R)
levels. However, CCR3/CD193, a receptor for CCL26 and other
ligands, is not expressed on lymphoma cells in MF or SS (69).
Because mRNA for CCR3 is detected in affected skin (68) and
CCRS3 is expressed on eosinophils and subpopulations of Th2
cells (70, 71), CCL26 and CCL11 are believed to support the Th2-
dominant microenvironment in MF and SS disease lesions (25).

Periostin constitutes an extracellular matrix protein that is
expressed in several cancers (72); it is prominent in the stromal
area during the patch and plaque stages of MF, but decreases dur-
ing the tumor stage (73). Fibroblasts are reportedly the source of
periostinin MF (74).IL-4 and IL-13 can induce periostin secretion
by dermal fibroblasts, periostin mediates thymic stromal protein
(TSLP) production by keratinocytes, and TSLP subsequently
activates immature myeloid DCs, which modulate Th2 immune
responses via CCL17 production (75). Serum (76) and plasma
(77) TSLP levels are increased in patients with CTCL, suggesting
that TSLP contributes to the Th2-dominant microenvironment
in MF lesions. TSLP also induces the growth of CTCL cells (74).
Therefore, periostin can directly stimulate the growth of CTCL
tumor cells in addition to inducing a Th2-dominant environment
in CTCL tumors.

Expression of herpesvirus entry mediator (HVEM)/CD270,
a member of the tumor necrosis factor-receptor superfamily,
on dermal fibroblasts in the affected skin of patients with MF

and SS is decreased as the disease progresses. In addition, low
HVEM expression on dermal fibroblasts in the affected skin
of patients with advanced CTCL attenuates the expression of
Thl chemokines, resulting in Th2-dominant microenviron-
ments. This occurs because the interaction between HVEM
and tumor necrosis factor superfamily member 14 (also termed
LIGHT)/CD258 on dermal fibroblasts increases the secretion of
CXCL9-11, which are chemokines that recruit CXCR3-positive
Th1 cells (29).

TUMOR-ASSOCIATED MACROPHAGES
(TAMs)

Macrophages constitute a major component of the leukocyte
infiltrate in the tumor microenvironment (78), in which they
are termed TAMs. TAMs usually comprise polarized M2 mac-
rophages that contribute to an immune-suppressive environment
and promote tumor cell growth (79). CD163 is recognized as a
marker for TAMs. As with many malignancies (80), the presence
of M2 macrophages in the affected skin of patients with MF has
been correlated with patient prognosis (81, 82), and the presence
of M2 macrophages has been correlated with lymph node staging
(83); this suggests that TAMs play a significant role in MF patho-
genesis. Serum sCD163 levels in patients with CTCL are signifi-
cantly higher than those in normal controls and they significantly
correlate with serum sIL-2R levels. TAMs are believed to play a
role in the formation of CTCL by secreting various chemokines
(73, 82, 84). Periostin-stimulated macrophages produce CXCL5
and CXCL10 (73), which correlates with MF tumor formation
in a xenograft CTCL mouse model (84). CCLI18/alternative
macrophage activation-associated CC chemokine 1/MIP-4 is
secreted by M2 macrophages (85) and binds to its receptor
(i.e., CCR8) on Th2 cells (86). The expression of CCR8 on MF or
SS tumor cells has not been reported, although the mRNA expres-
sion of CCR8 is known to be upregulated in patients with SS (21).
TAM:s are known to express CCL18 in the skin of patients with
CTCL (87, 88). Serum CCL18 levels were significantly higher in
patients with CTCL than in healthy controls, and these levels sig-
nificantly correlated with modified severity-weighted assessment
scores, serum sIL-2R, lactate dehydrogenase, Th2 cytokines, and
chemokines (88). Furthermore, high serum levels of CCL18 were
associated with poor patient prognosis (88). In the affected skin
of patients with MF/SS, TAMs highly express CD30, which is the
target of the anti-CD30 antibody-drug conjugate, brentuximab
vedotin (89).

DENDRITIC CELLS

Dendritic cells are antigen-presenting cells with a unique
capacity to induce primary immune responses (90). By secret-
ing Th2 cytokines, CTCL cells can suppress the maturation of
DCs (54). Notably, IL-10 downregulates DC functions and may
promote tolerance by skin DCs, rather than immune defense
(91). Immature DCs can induce tolerance by presenting anti-
gens to T-cells without appropriate costimulation. A significant
increase in various DC subsets is seen in the affected dermis of
patients with MF/SS, with the majority being immature CD209/

Frontiers in Oncology | www.frontiersin.org

15

June 2018 | Volume 8 | Article 198


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive

Fujii

Cutaneous T-Cell Lymphoma

DC-specific ICAM-3 grabbing non-integrin (DC-SIGN)-positive
DCs. Increases in CD208/DC-lysosome-associated membrane
glycoprotein-positive DCs (i.e., mature DCs) and CD303/blood
dendritic cell antigen 2-positive DCs (i.e., plasmacytoid DCs)
are also observed, but the numbers of cells expressing CD208
or CD303 are few, suggesting that many DCs in the dermis of
CTCL lesions are immature. Increased number of immature DCs
in CTCL lesions may be important for immunological tolerance
against malignant T-cells (92). However, some CD208-positive,
mature DCs may attempt to mount an immune response against
the cancer cells, as mature CD208-positive DCs are elevated in
the skin draining lymph nodes of patients with MF (83).

OTHER KEY PLAYERS

The keratinocytes in the affected skin of patients with MF/SS
release multiple chemokines including CCL17, CCL26, CCL27,
CXCL9, and CXCL10, which help to attract T-cells to the epider-
mis, as mentioned above. Nerve growth factor (NGF) expression
is also elevated in the affected skin of patients with SS, which
stimulates the sprouting of nerve fibers. NGF is associated with
the severity of pruritus in atopic dermatitis (93), and serum NGF
levels are elevated in patients with SS (94). The enhanced expres-
sion of NGF is supposedly associated with pruritus in SS.

Mast cells also serve as critical stimulators of the tumor micro-
environment (95). Patients with CTCL have increased number
of mast cells in their affected skin and this correlates with disease
progression (96). Moreover, in a model of cutaneous lymphoma,
tumor growth in mast cell-deficient mice was significantly
decreased. Therefore, mast cells represent key players in the
development of CTCL.

Th22 cells, which produce IL-22 but not IFN-y, IL-4, or IL-17,
express CCR6, CCR4, and CCR10, thus enhancing skin infiltra-
tion. IL-22 mediates host defenses against bacterial infection (97).
The affected skin of patients with MF/SS expresses high levels of
IL-22 and low levels of IL-17 (32). A case of SS reportedly also had
high IL-22 expression that was modulated by systemic bacterial
infections (98). The serum levels of IL-22 and IL-22-induced
CCL20 are increased in patients with MF/SS and are associated
with disease severity (32); this suggests an important role of IL-22
in establishing the tumor microenvironment in MF and SS.

Myeloid-derived suppressor cells (MDSCs) are also recog-
nized as key players in tumor immune escape mechanisms (99).
The progression from early patch/plaque lesions to tumors in
MF is related to an increase in MDSCs (100). Therefore, MDSCs
play a role in MF progression by decreasing antitumor immune
responses.

T-cell exhaustion via immune checkpoints also constitutes an
important factor underlying tumor survival. The expression levels
of PD-1 (101, 102), PD-L1 (102), CTLA-4 (103), and ICOS (104)
have been described at different stages of the disease, suggesting
a role for immune checkpoint inhibitor therapies.

TREATMENT

There is currently no cure for CTCL, thus treatment is aimed pri-
marily at improving symptoms and quality of life and maintaining

remission. Therapies are tailored to the individual patient,
based on age, performance status, extent of disease burden, rate
of disease progression, and prior treatments (105). A typical
MF progression starts at the patch and plaque stage and then
advances to dermal-based tumors over many years. Effective
immune control in the initial disease stages can slow disease
progression. Hughes et al. reported that chemotherapy shortens
the median time until the next treatment in patients with MF/
SS (106). Multiagent chemotherapy often induces immunosup-
pression, which leads to an increased risk of infection and poor
tolerance (107). Therefore, chemotherapy should be limited until
all other options are exhausted. In comparison, IFN and histone
deacetylase inhibitors afford greater times to next treatment than
those from chemotherapy.

Both IFN-a and IFN-y represent effective clinical treatments
for CTCLs, including ME via their cytotoxic and immunological
effects on tumor-associated T-cells (108-110). A meta-analysis
suggested that the overall response rate (ORR) to IFN-a was 70%
(109). In all stages of ME, IFN-a achieves a superior time to next
treatment compared to that of chemotherapy (106). IFN-y shifts
the Th2-dominant tumor microenvironment to a Thl environ-
ment, as mentioned above. IFN-a2a and IFN-y have been shown
to decrease the expression and production of CCL17 and CCL18
and increase those of CXCL10 and CXCLI11. Furthermore,
subcutaneous administration of IFN-a increased the number
of CXCL11-producing cells in the affected skin of patients with
advanced MF (111).

Toll-like receptor (TLR) agonists induce anticancer effects by
stimulating the innate immune system. Imiquimod is a topical
immunomodulator that stimulates Th1 responses by activating
TLR7 on plasmacytoid DCs, which leads to the production of
IFN-a, IL-12, and tumor necrosis factor-o (112). The effectiveness
of topical imiquimod has been reported in early-stage (113-115),
folliculotropic, and tumor-stage MF (116). Resiquimod, a
TLR7/8 agonist, is also effective for early-stage MF (117). TLR8 is
expressed by myeloid-derived DCs, which are the most abundant
DCs in human skin. Resiquimod, but not imiquimod, potently
activates these cells (118).

The acetylation of histones plays a critical role in gene
expression regulation (119). Histone acetylation and deacety-
lation control gene transcription and are mediated by histone
acetyltransferases and deacetylases, respectively. Histone
deacetylase inhibitors enhance the acetylation of histones
and non-histone proteins and can induce apoptosis (120).
Histone deacetylase inhibitors are potential therapeutic agents
for the treatment of lymphoid neoplasms (121-124). Pruritus
relief has also been reported with these inhibitors (121, 122,
124-126), supposedly through the reduction in the levels of
IL-31-expressing T-cells (127).

Brentuximab vedotin (mentioned above) is an antibody-
drug conjugate, in which an anti-CD30 monoclonal antibody
is linked with the anti-tubulin agent, monomethyl auristatin
E (128). Brentuximab vedotin is effective in the treatment of
CD30-positive relapsed/refractory Hodgkin’s lymphoma (129)
and anaplastic large cell lymphoma (130). In a phase II study
for MF/SS with variable CD30 expression levels, an ORR of 70%
was observed with brentuximab vedotin (127). In addition, a
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significant improvement in objective response was observed in a
randomized, phase III clinical trial (131).

Mogamulizumab, a defucosylated humanized anti-CCR4
antibody that was first approved for relapsed ATL, as described
in further detail in Section “Adult T-cell leukemia/lymphoma,”
is also effective for CTCL including MF/SS (132, 133), and
approved for relapsed or refractory CCR4-positive CTCL. In
addition, an anti-CD158k monoclonal antibody, IPH4102, has
also recently been developed (134), for which clinical studies in
CTCL are ongoing (135). Lenalidomide (136), bortezomib (137),
and immune checkpoint blockade are also under investigation.

PRIMARY CUTANEOUS CD30* T-CELL
LYMPHOPROLIFERATIVE DISORDERS

Primary cutaneous CD30" T-cell lymphoproliferative disorders
(PC CD30* T-LPD) constitute the second most common form
of CTCL, representing approximately 30% of all cutaneous
lymphomas (2). They comprise a spectrum of diseases from
lymphomatoid papulosis (LyP) to primary cutaneous anaplastic
large-cell lymphoma (PCALCL) (138). The expression of CD30, a
cytokine receptor belonging to the tumor necrosis factor receptor
superfamily, by atypical T-cells is the common immunopheno-
type of this disorder.

Primary cutaneous anaplastic large-cell lymphoma is charac-
terized by large T-cells with prominent nuclear pleomorphisms
along with CD30 expression by more than 75% of the tumor
cells (2). A single tumor or a group of firm nodules is seen clini-
cally (Figure 2). PCALCL was established as a distinct form of
ALCL because its clinical course, phenotype, and genotype are
significantly different from those of systemic ALCL, including
ALK-positive and ALK-negative forms (139-141). Moreover,
IFN regulatory factor-4 translocations are reported to be specific
for PCALCL (142). In contrast to that of systemic ALCL, the
prognosis of PCALCL is reportedly excellent (143), with the
exception of cases in Japan that appear to have a less favorable
prognosis (144). PCALCL arising on the legs tends to produce
poorer outcomes (145). The typical histology of PCALCL is a

FIGURE 2 | Clinical findings of primary cutaneous CD30* T-cell lymphoma.
Eroded tumor is seen on the right thigh. Written informed consent was
obtained from the patient.

circumscribed nodular infiltrate of cohesively arranged large
lymphoid cells that extends into the deep dermis or hypodermis.
Neutrophil-rich and eosinophil-rich variants have been noted
and appear to be associated with immunodeficiency (146).
The abundant infiltration of neutrophils can be explained by
the release of IL-8, a potent neutrophil chemoattractant, from the
tumor cells (147).

The tumor cells in PCALCL possess an activated T-cell phe-
notype and express CD2, CD4, and CD45RO, with a loss of CD2
and CD5 occurring variably. CD3 may be lacking or expressed
at lower levels owing to genetic alterations in the T-cell receptor
(TCR) coding regions on chromosome 1 in the tumor cells (148).
Additionally, CD25/IL-2R, CD71, human leukocyte antigen-
antigen D related, and CLA/CD162, as well as cytotoxic proteins,
such as T-cell intracellular antigen 1 (TIA-1), granzyme B, and
perforin, are expressed in half of PCALCL cases. PCALCL is often
negative for epithelial membrane antigen, which differentiates
it from systemic ALCL. Numerous quantities of TAMs are also
present.

As opposed to MF/SS, the tumor cells of PCALCL express
CCR3. CCL11, a CCR3 ligand, is also expressed by PCALCL cells
and is detected in the connective tissue cells in the tumor. The
CCR3* tumor cells abundantly express IL-4 but not IFN-y (69).
The expression of both CCL11 and CCR3 on the tumor cells can
lead to homotypic aggregation, which can be observed as cohe-
sive clusters of tumor cells, a characteristic finding in ALCL (149).
As CCR3 is also expressed on eosinophils and subpopulations
of Th2 cells (70, 71), CCR3" cells secreting CCL11 and IL-4 may
produce a Th2-dominant microenvironment, which is suitable
for tumor growth.

Lymphomatoid papulosis was first described by the der-
matologist, Warren L. Macaulay, as a chronic recurrent, self-
regressing papulonodular skin eruption with histologic features
of a malignant lymphoma (138). Five histological variants (types
A to E) are recognized as original variants in the updated World
Health Organization classification of 2016 (10). LyP type A is the
most common subtype, accounting for 75% of LyP cases (150).
Type A is characterized by wedge-shaped dermal infiltrates with
scattered large CD30* cells. Histiocytes, eosinophils, and neutro-
phils comprise the background inflammatory cells. Type B shows
epidermotropic infiltrates of small to medium-sized lymphocytes
with variable CD30 expression and atypical chromatin-dense
nuclei. Type C shows nodular cohesive infiltrates of large CD30*
pleomorphic or anaplastic lymphocytes. Type D shows epidermo-
tropic infiltrates of atypical, small to medium-sized pleomorphic
CD8* cytotoxic cells (151). Type E shows angioinvasive infil-
trates of mainly medium-sized pleomorphic CD30* cells (152).
Vascular occlusion by atypical lymphocytes and/or thrombi,
hemorrhage, ulceration, and extensive necrosis are observed.
LyP can persist for years or decades, but is not life-threatening
(143, 153). However, some patients with LyP can develop second-
ary lymphoid neoplasms, in particular ME, Hodgkin’s lymphoma,
and cutaneous or nodal CD30* ALCL (140, 146, 154). Surgical
excision or radiation therapy is the recommended therapy for
solitary or grouped lesion(s) of PCALCL, whereas methotrex-
ate is the most prescribed therapy for multifocal lesions (138).
The brentuximab vedotin (128) has been granted breakthrough
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therapy designation; in addition, bexarotene, a retinoid X
receptor-specific agonist, has also been shown to be effective for
both PCALCL (ORR: 50%) and LyP (ORR: 60%) in clinical trials
(155). HDAC inhibitors (156), crizotinib, an ALK inhibitor (157),
and anti-PD-1 are under investigation.

ADULT T-CELL LEUKEMIA/LYMPHOMA

Adult T-cell leukemia/lymphoma is a distinct T-cell malignancy
caused by human T-lymphotropic virus type I (HTLV-1).
HTLV-I infections are endemic in many parts of the world
including southwest Japan, the Caribbean basin, and parts of
central Africa and South America. Neoplastic T-cells are usually
CD4*CD25"CCR4* (158). The general characteristics of ATL are
lymphadenopathy, hepatosplenomegaly, hypercalcemia, abnor-
mal peripheral blood lymphocytes with multilobulated nuclei,
and skin lesions (Figure 3).

There are four clinical subtypes of ATL (159): acute, lym-
phoma, chronic, and smoldering, based on peripheral blood
involvement, organ complications, and laboratory examinations.
Patients with ATL can be stratified into two groups: aggressive,
which consists of the acute, lymphoma, and unfavorable chronic
types, and indolent, which consists of the favorable chronic and
smoldering types. The chronic type is separated into the favorable
and unfavorable subgroups according to significant prognostic
factors. This stratification is important for treatment selection,
with most patients with aggressive ATL being given systemic
chemotherapy, whereas those with indolent ATL are given topical
therapy or are placed on observation.

Cutaneous involvement is frequently observed in patients with
ATL at 30-70% (160, 161), regardless of ATL subtype. Cutaneous
manifestation in the smoldering type of ATL has been suggested
to reflect poor prognosis (162), and cutaneous ATL was recently
proposed to include the lymphoma type as an extranodal vari-
ant (163). The majority of skin lesions are caused by the direct
invasion of ATL tumor cells, forming various types of eruptions
(164). In addition to these primary invasive lesions, patients with
ATL may present with secondary inflammatory or infectious
lesions (165). Compared to those of peripheral blood tumor cells,
skin-infiltrating ATL tumor cells exhibit enhanced characteris-
tics, such as increased expression of chemokine receptors. The

interaction between chemokines and chemokine receptors drives
T-cell migration and activation, which plays a critical role in the
pathogenesis of various neoplastic and inflammatory disorders.
ATL cells produce several chemokines including CCL3/MIP-1a,
CCL4/MIP-1p (166), CCL2/monocyte chemoattractant pro-
tein-1 (MCP-1) (167), and CCL1/I-309 (168), as well as several
chemokine receptors, including CCR4 (158, 169), CCR7 (170),
and CCR8/CDw198 (168). Overexpression of chemokine CCL1
and its receptor, CCR8, contributes to autocrine anti-apoptotic
effects ATL cells (168). Increased CCR7 expression is associated
with lymphoid organ infiltration (170).

Adult T-cell leukemia/lymphoma cells not only express CCR4
but also its ligands, CCL17 and CCL22 (171). Neoplastic T-cells
that highly express the Th2 chemokine receptor, CCR4, are found
in the peripheral blood and affected skin of patients with ATL.
In CTCL, extravasation of lymphoma cells into the skin is medi-
ated by CCL17 and CCL22 released from epidermal cells (30).
In contrast, one of the major sources of CCL17 in the affected
skin of patients with ATL is the tumor cell itself (171). Moreover,
CCL17 and CCL22 can also attract CCR4-expressing Treg cells,
which may further suppress cytotoxic T-cells and prevent tumor
immunosurveillance of the ATL cells (165). As ATL cells share
the CD47CD25*CCR4* phenotype with Treg cells, ATL cells
have been postulated as being Treg cells. In addition to CD25
and CCR4, ATL cells express CTLA-4 and FoxP3, both of which
are expressed in Treg cells (172, 173). However, whether ATL cells
can function as Treg cells is controversial because tumor cells pos-
sess very limited regulatory ability (174).

Th17 cells play an important role in cutaneous innate immu-
nity. Th17-derived cytokines stimulate keratinocytes to produce
antimicrobial peptides (175). ATL tumor cells can reduce the
number and/or function of Th17 cells. Studies have shown that
cellular immune responses are greatly impaired in patients with
ATL, and ATL cells have been shown to secrete immunosuppres-
sive cytokines such as IL-10 and transforming growth factor-f1
in vitro. In particular, ATL cells, as well as Treg or Th2 cells resid-
ing in the blood, produce IL-10, thereby suppressing Th17 activ-
ity (176). IL-17 enhances the synthesis of various antimicrobial
peptides, such as human p-defensin 2, LL-37 (177), and S100A7,
in keratinocytes. These peptides are active against fungi, such as
those causing ringworm (178). More than 60% of patients with

was obtained from each patient.

FIGURE 3 | Clinical findings of adult T-cell lymphoma/leukemia. (A) Patch, (B) plaque, (C) multiple nodulotumoral lesion, and (D) tumor. Written informed consent
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ATL have tinea pedis/unguium/corporis, candidiasis, or other
cutaneous fungal infections (165). Other skin infections may
occur in these patients in addition to superficial fungal infections.
It has been reported that scabies is sometimes superimposed on
the skin lesions of patients with ATL (179).

Programmed cell death (PD)-1/CD279 constitutes a cell surface
receptor that suppresses the immune system. PD-1 expression on
HTLV-1-specific cytotoxic T-cells is dramatically upregulated in
HTLV-1 carriers and patients with ATL (180). PD-1 is expressed
at high levels on CD4" neoplastic and non-neoplastic cells, but
not on CD8* cells (181). Because normal CD4" T-cells can be
infected with HTLV-1, they can sometimes express PD-1, leading
to immunosuppression. Moreover, it is noteworthy that PD-L1 is
expressed in ATL cells (181). Expression of both PD-1 and PD-L1
by the ATL cells suggests a self-destructive state of the tumor cells.
However, it may be more important that the PD-L1 expressed
by the tumor cells suppresses the function of PD-1-expressing
normal CD4* T-cells, resulting in immune evasion. Of note, 25%
of patients with ATL have structural variations in the 3’-region of
the gene for PD-L1, which leads to marked elevations of aberrant
PDLI transcripts (182).

The fact that the tumor cells express CCR4 provides a thera-
peutic strategy for ATL. The anti-CCR4 monoclonal antibody
mogamulizumab markedly enhances antibody-dependent cel-
lular cytotoxicity and has been approved for the treatment of
patients with CCR4-positive ATL, peripheral T-cell lymphoma,
and CTCL. In a phase II trial of patients with relapsed CCR4-
positive ATL, the ORR was 50%, with a complete response rate
of 30% (183). Mogamulizumab is more effective against the
peripheral blood tumor cells than those in the skin and lymph
nodes. Cutaneous adverse reactions (CARs) are frequently
observed during treatment (183, 184) and are supposedly
indicative of favorable prognoses in ATL (185); a reduction in
Treg by mogamulizumab is believed to induce CARs (186, 187).
Recently, pretransplantation mogamulizumab has been reported
to increase the risk of severe acute graft-versus-host disease
(188, 189), and non-relapse mortality is significantly higher in
patients with pretransplantation mogamulizumab. Therefore,
mogamulizumab should be carefully considered and monitored
for patients with ATL who are eligible for allogeneic hematopoi-
etic stem-cell transplantation.

PANNICULITIS-LIKE T-CELL LYMPHOMA

Subcutaneous panniculitis-like T-cell lymphoma (SPTCL)
with a/f phenotype and SPTCL with y/d phenotype have been
recognized as unique entities, considering their clinical, histo-
logical, and immunological characteristics (2, 190, 191). The
term SPTCL is now used exclusively for cases with the o/p T-cell
phenotype, whereas those of the y/8 T-cell phenotype have been
reclassified as primary cutaneous gamma/delta T-cell lymphoma
(PCGD-TCL) (2). The differential diagnosis of these two diseases
is important, as each has a different prognosis and therapeutic
strategy. In addition, both entities should be differentiated from
other types of malignant lymphoma with preferential subcutane-
ous involvement and from other forms of lobular panniculitis,
especially lupus panniculitis (192, 193).

SUBCUTANEOUS PANNICULITIS-LIKE
T-CELL LYMPHOMA

Patients with SPTCL present clinically with multiple nodules or
deeply seated plaques without ulceration. The skin lesions usu-
ally involve the legs, arms, and trunk. Systemic symptoms, such
as pyrexia, fatigue, and weight loss, and laboratory abnormalities,
including cytopenia and elevated liver function tests, are com-
monly observed. Hemophagocytic syndrome (HPS) is observed
in <20% of patients (194). Dissemination to extracutaneous
sites rarely occurs. As many as 20% of patients have associated
autoimmune disease, which is commonly systemic lupus erythe-
matosus (194).

The histopathological findings in SPTCL are dense, nodular,
or diffuse subcutaneous infiltrates with a pattern similar to
lobular panniculitis. The epidermis is not typically involved. The
rimming of individual fat cells by neoplastic T-cells is a curious
finding, although it is not diagnostic (193). The neoplastic T-cells
are interspersed with small reactive lymphocytes and many his-
tiocytes, whereas other inflammatory cells, including neutrophils
and eosinophils, as well as the plasma cells and plasmacytoid DCs
that are common in lupus panniculitis (195, 196), are usually
lacking (193). High-throughput sequencing of the TCR genes can
assist in the diagnosis of SPTCL (192). The neoplastic cells have a
mature CD3*CD4-CD8* T-cell phenotype and express cytotoxic
proteins, such as granzyme B, TIA-1, and perforin (194). Although
the exact mechanisms that neoplastic cells utilize to migrate into
the hypodermis are still mostly unknown, CCR5 expression on
neoplastic cells and its ligands, CCL3, CCL4, and CCL5, which
can be secreted from immunologically activated adipocytes, may
contribute to the pathogenesis of SPTCL (197, 198).

The differential diagnosis of SPTCL includes both PCGD-
TCL and lupus panniculitis. Differentiation is critical because
PCGD-TCL with panniculitis-like features generally has a poor
prognosis and requires systemic chemotherapy. In contrast,
SPTCL has an excellent prognosis, especially in the cases without
HPS (194). Both SPTCL and PCGD-TCL have nodular skin
lesions with panniculitis-like features and rimming of fat cells.
In contrast to that of SPTCL, PCGD-TCL involves ulceration of
the hypodermis, dermis, and/or epidermis (194). Expression of
BF1, but not TCRy/d or CD56, is useful to differentiate between
SPTCL and PCGD-TCL.

Multiagent chemotherapy is not recommended as a first-line
treatment for SPTCL without HPS. Systemic corticosteroids
or other immunosuppressive agents, such as cyclosporine or
methotrexate, are preferred, which is also the case with relaps-
ing disease (199-201). Oral bexarotene has also shown good
response rates (202).

PRIMARY CUTANEOUS GAMMA/DELTA
T-CELL LYMPHOMA

Primary cutaneous gamma/delta T-cell lymphoma is a lym-
phoma composed of a clonal proliferation of mature, activated
v/5 T-cells with a cytotoxic phenotype. Most patients present
with deep dermal or subcutaneous plaques or tumors, either with
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or without epidermal ulceration and necrosis (194, 203, 204).
The skin lesions are often generalized and involve the extremi-
ties. Some patients may present with a single tumor, or scaly
patches/plaques, clinically resembling early-stage MF (204). The
involvement of mucosal and other extranodal sites is frequently
noted, although lymph nodes, spleen, and bone marrow are
rarely involved (204, 205). Most patients present with systemic
symptoms including B symptoms. PCGD-TCL is frequently
accompanied by HPS, particularly in patients with panniculitis-
like tumors (194, 203). Chronic antigenic stimulation has been
hypothesized to be involved in the pathogenesis of PCGD-TCL
(206). PCGD-TCL is also associated with opportunistic infec-
tions in patients with congenital or acquired immunosuppres-
sion and autoimmunity (207-209).

The lymphoid infiltrates have a variable histological pattern and
may be epidermotropic, dermal, and/or subcutaneous (203, 204).
In contrast to that of SPTCL, a pure panniculitic pattern is rarely
observed (204), and variable patterns can be found in skin biopsies
obtained from different sites or different parts of the same biopsy
(190, 203, 204). Lichenoid or vascular interface dermatitis-like
patterns of epidermal infiltration may occur, which may be
associated with intraepidermal vesiculation and necrosis (204).
Panniculitis-like lesions may show the rimming of fat cells
observed in SPTCL. Angiocentricity, angiodestruction, and tis-
sue necrosis may be seen. Hemophagocytosis may be present,
especially in cases with HPS. The tumor cells have a characteristic
phenotype of TCR y/8*, pF1-, CD3*, CD2*, CD57, and CD56%,
with a strong expression of cytotoxic proteins. PCGD-TCL with
subcutaneous panniculitis-like infiltrate preferentially derives
from the V2 subtype (205). PCGD-TCL is resistant to multiagent
chemotherapy. The effectiveness of hematopoietic stem cell trans-
plantation has been reported in some patients with PCGD-TCL
(204, 210, 211).

PRIMARY CUTANEOUS CD4+* SMALL/
MEDIUM T-CELL LYMPHOPROLIFERATIVE
DISORDER

Primary cutaneous small/medium-sized T-cell lymphoma
(PCSM-TCL) has recently been reclassified as primary cutaneous
small/medium-sized T-cell lymphoproliferative disorder (PCSM-
TCLPD) because of its indolent behavior and uncertain malig-
nancy (10). PCSM-TCL was originally associated with a favorable
5-year survival rate of 60-80% (2). However, fatal outcomes have
not been documented in subsequent reports (212, 213).

Primary cutaneous small/medium-sized T-cell lymphopro-
liferative disorder characteristically presents with a single lesion
on the head, neck, or upper arms, but rarely presents as multiple
papules, plaques, or tumors (212, 214). Histopathologically,
PCSM-TCLPD is characterized by many small- to medium-sized
CD3*CD4*CD8" T-cells, with a small number of large CD4*
pleomorphic T-cells and variable admixtures of CD8* T-cells,
B-cells, histiocytes, plasma cells, and eosinophils (2).

The few, large pleomorphic CD4* T-cells in PCSM-TCLPD
express PD-1, BCL6, and CXCL13 (215), all of which are
expressed on a particular germinal center T-cell subset, termed

follicular helper T (TFH) cells. TFH cells are important in
germinal center formation and plasma cell development. The
expression of PD-1, BCL6, and CXCL13 by these large CD4*
T-cells suggests that PCSM-TCLPD originates from TFH cells
(215). PD-1 is typically expressed by atypical cells in PCSM-TCL
and pseudo-T-cell lymphomas (216). The clinical presentation,
pathological features, and immunohistochemical findings
of PCSM-TCLPD are very similar to those of pseudo-T-cell
lymphomas (217, 218). The demonstration of a T-cell clone
and loss of pan-T-cell antigens are useful diagnostic criteria
for PCSM-TCL (218). The staining pattern for nuclear factor of
activated T-cells, cytoplasmic 1 is also reported to be useful for
the differential diagnosis between PCSM-TCLPD and pseudo-
T-cell lymphomas (219), where NFAT1c nuclear staining indi-
cates PCSM-TCLPD and cytoplasmic staining indicates pseudo-
T-cell lymphoma. The cytoplasmic staining pattern is also seen
in MF, ALCL, and LyP. The clinical behavior of PCSM-TCLPD
is almost always indolent, with most patients showing localized
disease. Treatment with local therapies, such as excision or radia-
tion therapy, is often curative (214, 220, 221).

HYDROA VACCINIFORME-LIKE
LYMPHOPROLIFERATIVE DISORDER
(HVLL)

Typical hydroa vacciniforme (HV) is characterized by light-
induced herpetiform vesiculopapules on the sun-exposed areas.
The eruptions form crusts and then heal to leave varicelliform
scars. Systemic symptoms are absent, and the disease usually
improves spontaneously in adolescence and young adulthood
(222). Routine laboratory tests are normal. Since the first report
in 1986 (223), peculiar HV-like eruptions have been recognized
in children mainly from Asia and Central and South America.
HVLL was included for the first time in the 2008 World Health
Organization classification of tumors of hematopoietic and lym-
phoid tissues (224). HVLL is defined as an Epstein-Barr virus
(EBV)-positive CTCL that occurs in children and less often in
young adults (225). Unlike typical HV, HVLL eruptions become
more severe with age, presenting with marked facial edema and
vesiclopapules followed by ulceration and crusting. Systemic
symptoms, including high-grade fever and liver damage, are
usually present. Hepatosplenomegaly and lymphadenopathy are
frequently observed during the acute phase. The lesions are asso-
ciated with EBV infection and frequently possess monoclonal
rearrangements of the TCR genes (226, 227). Although the skin
lesions are not limited to sun-exposed areas, there is an increased
occurrence during the summer. Most cases have a CD8* T-cell
phenotype (228), whereas a small number of cases have been
reported to have a natural killer-cell phenotype (229, 230).
Regardless of cell-type derivation, the lymphoid cells are positive
for cytotoxic markers, such as granzyme B and TIA-1 (231).

SEVERE MOSQUITO BITE ALLERGY

An associated cutaneous disorder is a severe allergy/hypersen-
sitivity to mosquito bites (232). It is defined as an EBV* NK-cell
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lymphoproliferation that is characterized by high fever, ulcers,
skin necrosis, and deep scarring, with the potential to progress
into overt NK/T-cell lymphoma or aggressive NK-cell leukemia
in the protracted clinical course (233). Severe mosquito bite
allergy was included for the first time in the 2017 World Health
Organization classification of tumors of hematopoietic and
lymphoid tissues (234).

PRIMARY CUTANEOUS ACRAL CD8*
T-CELL LYMPHOMA

Primary cutaneous acral CD8" T-cell lymphoma is character-
ized as a solitary, slow-growing nodule without prior patches
or plaques (235), but with precedence of bilateral, symmetrical
disease and recurrent disease (236). Most cases appear on the ear,
although other peripheral locations, such as the nose, hands, and
feet, have been noted (237).

Primary cutaneous acral CD8* T-cell lymphoma and PCSM-
TCLPD are often indistinguishable morphologically. Moreover,
the overt clinical features of both diseases are similar, such as
targeting adults, a preference for the face and neck, solitary
tumors without ulceration, and an indolent behavior. However,
T follicular markers, such as CD10, Bcl-6, PD-1, and CXCL13,
which are expressed on neoplastic cells of PCSM-TCLPD, are
negative in primary cutaneous acral CD8" T-cell lymphoma
(236). Granzyme B expression is also typically negative in the
latter (238). The clinical course for primary cutaneous acral
CD8* T-cell lymphoma is invariably indolent; cutaneous relapse
may occur, but there have been no reports of progression to
extracutaneous sites, and overtreatment should be avoided
(238). Localized therapy, such as topical steroids, radiotherapy,
and surgical excision, or careful monitoring, is preferred. IFN,

REFERENCES

1. Groves FD, Linet MS, Travis LB, Devesa SS. Cancer surveillance series:
non-Hodgkin’s lymphoma incidence by histologic subtype in the United States
from 1978 through 1995. ] Natl Cancer Inst (2000) 92:1240-51. doi:10.1093/
jnci/92.15.1240

2. Willemze R, Jaffe ES, Burg G, Cerroni L, Berti E, Swerdlow SH, et al. WHO-
EORTC classification for cutaneous lymphomas. Blood (2005) 105:3768-85.
doi:10.1182/blood-2004-09-3502

3. Criscione VD, Weinstock MA. Incidence of cutaneous T-cell lymphoma in
the United States, 1973-2002. Arch Dermatol (2007) 143:854-9. d0i:10.1001/
archderm.143.7.854

4. Assaf C, Gellrich S, Steinhoff M, Nashan D, Weisse F, Dippel E, et al.
Cutaneous lymphomas in Germany: an analysis of the central cutaneous
lymphoma registry of the German society of dermatology (DDG). ] Dtsch
Dermatol Ges (2007) 5:662-8. doi:10.1111/j.1610-0387.2007.06337.x

5. Bradford PT, Devesa SS, Anderson WE Toro JR. Cutaneous lymphoma
incidence patterns in the United States: a population-based study of 3884
cases. Blood (2009) 113:5064-73. doi:10.1182/blood-2008-10-184168

6. Hamada T, Iwatsuki K. Cutaneous lymphoma in Japan: a nationwide study
of 1733 patients. ] Dermatol (2014) 41:3-10. doi:10.1111/1346-8138.12299

7. Weinstock MA, Horm JW. Mycosis fungoides in the United States. Increasing
incidence and descriptive epidemiology. JAMA (1988) 260:42-6. doi:10.1001/
jama.1988.03410010050033

8. Holterhues C, Vries E, Louwman MW, Koljenovic S, Nijsten T. Incidence
and trends of cutaneous malignancies in the Netherlands, 1989-2005. ] Invest
Dermatol (2010) 130:1807-12. doi:10.1038/jid.2010.58

psoralen-ultraviolet A phototherapy, and methotrexate have
been used for patients with multifocal cutaneous disease (238).

PRIMARY CUTANEOUS CD8*
AGGRESSIVE EPIDERMOTROPIC
CYTOTOXIC T-CELL LYMPHOMA

Primary cutaneous CD8* aggressive epidermotropic cytotoxic
T-cell lymphoma (PCAETCL) is characterized by disseminated,
rapidly developing papules, plaques, and nodules with central
ulceration or necrosis. PCAETCL may spread to other visceral
organs including the lungs, testes, central nervous system, and
oral mucosa (239-241); it carries an overall poor prognosis.
However, the lymph nodes are rarely involved. Histological find-
ings demonstrate prominent epidermotropism, with necrotic
keratinocytes and ulceration (240). Dermal infiltrates consist
of atypical lymphocytes, often extending into the deep dermis
and subcutaneous fat. Adnexal invasion is frequently observed
(242). Blistering, angiocentricity, angioinvasion, riming of
adipocytes, and destruction of adnexal structures may be seen
(240). Cells invariably demonstrate CD8*CD4"~ phenotypes and
usually express CD3, p-F1, and TIA-1. CD45RA is expressed
in the majority of cases (239). T-cell clonality is usually dem-
onstrated. Conventional therapies for CTCL are ineffective and
multiagent chemotherapies have unsatisfactory outcomes (240).
Hematopoietic stem cell transplantation is a reasonable treatment
choice for PCAETCL (243).

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
approved it for publication.

9. Sokolowska-Wojdylo M, Olek-Hrab K, Ruckemann-Dziurdzinska K.
Primary cutaneous lymphomas: diagnosis and treatment. Postepy Dermatol
Alergol (2015) 32:368-83. doi:10.5114/pdia.2015.54749

Swerdlow SH, Campo E, Pileri SA, Harris NL, Stein H, Siebert R, et al. The
2016 revision of the World Health Organization classification of lymphoid
neoplasms. Blood (2016) 127:2375-90. doi:10.1182/blood-2016-01-643569
Ruiz R, Morante Z, Mantilla R, Mas L, Casanova L, Gomez HL. Primary
cutaneous T-cell lymphoma: experience from the Peruvian National Cancer
Institute. An Bras Dermatol (2017) 92:649-54. doi:10.1590/abd1806-4841.
20176825

Olsen E, Vonderheid E, Pimpinelli N, Willemze R, Kim Y, Knobler R, et al.
Revisions to the staging and classification of mycosis fungoides and Sezary
syndrome: a proposal of the International Society for Cutaneous Lymphomas
(ISCL) and the cutaneous lymphoma task force of the European Organization
of Research and Treatment of Cancer (EORTC). Blood (2007) 110:1713-22.
doi:10.1182/blood-2007-03-055749

Agar NS, Wedgeworth E, Crichton S, Mitchell TJ, Cox M, Ferreira S, et al.
Survival outcomes and prognostic factors in mycosis fungoides/Sezary
syndrome: validation of the revised International Society for Cutaneous
Lymphomas/European Organisation for Research and treatment of cancer
staging proposal. J Clin Oncol (2010) 28:4730-9. doi:10.1200/JC0O.2009.
27.7665

Benner MEF, Jansen PM, Vermeer MH, Willemze R. Prognostic factors in
transformed mycosis fungoides: a retrospective analysis of 100 cases. Blood
(2012) 119(7):1643-9. doi:10.1182/blood-2011-08-376319

Campbell JJ, Clark RA, Watanabe R, Kupper TS. Sezary syndrome and
mycosis fungoides arise from distinct T-cell subsets: a biologic rationale

10.

11.

12.

13.

14.

15.

Frontiers in Oncology | www.frontiersin.org

21

June 2018 | Volume 8 | Article 198


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1093/
jnci/92.15.1240
https://doi.org/10.1093/
jnci/92.15.1240
https://doi.org/10.1182/blood-2004-09-3502
https://doi.org/10.1001/archderm.143.7.854
https://doi.org/10.1001/archderm.143.7.854
https://doi.org/10.1111/j.1610-0387.2007.06337.x
https://doi.org/10.1182/blood-2008-10-184168
https://doi.org/10.1111/1346-8138.12299
https://doi.org/10.1001/jama.1988.03410010050033
https://doi.org/10.1001/jama.1988.03410010050033
https://doi.org/10.1038/jid.2010.58
https://doi.org/10.5114/pdia.2015.54749
https://doi.org/10.1182/blood-2016-01-643569
https://doi.org/10.1590/abd1806-4841.
20176825
https://doi.org/10.1590/abd1806-4841.
20176825
https://doi.org/10.1182/blood-2007-03-055749
https://doi.org/10.1200/JCO.2009.
27.7665
https://doi.org/10.1200/JCO.2009.
27.7665
https://doi.org/10.1182/blood-2011-08-376319

Fujii

Cutaneous T-Cell Lymphoma

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

for their distinct clinical behaviors. Blood (2010) 116:767-71. doi:10.1182/
blood-2009-11-251926

Bagot M, Moretta A, Sivori S, Biassoni R, Cantoni C, Bottino C, et al. CD4(+)
cutaneous T-cell lymphoma cells express the p140-killer cell immunoglobulin-
like receptor. Blood (2001) 97(5):1388-91. doi:10.1182/blood.V97.5.1388
Poszepczynska-Guigne E, Schiavon V, D’Incan M, Echchakir H, Musette P,
Ortonne N, et al. CD158k/KIR3DL2 is a new phenotypic marker of Sezary
cells: relevance for the diagnosis and follow-up of Sezary syndrome. J Invest
Dermatol (2004) 122(3):820-3. doi:10.1111/j.0022-202X.2004.22326.x
Wechsler J, Bagot M, Nikolova M, Parolini S, Martin-Garcia N, Boumsell L,
et al. Killer cell immunoglobulin-like receptor expression delineates in situ
Sezary syndrome lymphocytes. ] Pathol (2003) 199(1):77-83. d0i:10.1002/
path.1251

. van Doorn R, van Kester MS, Dijkman R, Vermeer MH, Mulder AA, Szuhai K,

et al. Oncogenomic analysis of mycosis fungoides reveals major differences
with Sezary syndrome. Blood (2009) 113:127-36. doi:10.1182/blood-2008-
04-153031

Laharanne E, Oumouhou N, Bonnet E, Carlotti M, Gentil C, Chevret E,
et al. Genome-wide analysis of cutaneous T-cell lymphomas identifies three
clinically relevant classes. ] Invest Dermatol (2010) 130:1707-18. doi:10.1038/
jid.2010.8

Wang L, Ni X, Covington KR, Yang BY, Shiu J, Zhang X, et al. Genomic
profiling of Sezary syndrome identifies alterations of key T cell signaling and
differentiation genes. Nat Genet (2015) 47:1426-34. doi:10.1038/ng.3444
Krejsgaard T, Ralfkiaer U, Clasen-Linde E, Eriksen KW, Kopp KL, Bonefeld CM,
et al. Malignant cutaneous T-cell lymphoma cells express IL-17 utilizing
the Jak3/Stat3 signaling pathway. J Invest Dermatol (2011) 131(6):1331-8.
doi:10.1038/jid.2011.27

Berger CL, Tigelaar R, Cohen J, Mariwalla K, Trinh J, Wang N, et al. Cutaneous
T-cell lymphoma: malignant proliferation of T-regulatory cells. Blood (2005)
105(4):1640-7. doi:10.1182/blood-2004-06-2181

Heid JB, Schmidt A, Oberle N, Goerdt S, Krammer PH, Suri-Payer E, et al.
FOXP3+CD25— tumor cells with regulatory function in Sezary syndrome.
J Invest Dermatol (2009) 129(12):2875-85. doi:10.1038/jid.2009.175

Sugaya M. Chemokines and cutaneous lymphoma. J Dermatol Sci (2010)
59:81-5. d0i:10.1016/j.jdermsci.2010.05.005

Lu D, Duvic M, Medeiros L], Luthra R, Dorfman DM, Jones D. The T-cell
chemokine receptor CXCR3 is expressed highly in low-grade mycosis fungoides.
Am J Clin Pathol (2001) 115:413-21. doi:10.1309/3N7P-J84L-JQ9K-G89R
Sarris AH, Esgleyes-Ribot T, Crow M, Broxmeyer HE, Karasavvas N, Pugh W,
et al. Cytokine loops involving interferon-gamma and IP-10, a cytokine che-
motactic for CD44 lymphocytes: an explanation for the epidermotropism of
cutaneous T-cell lymphoma? Blood (1995) 86:651-8.

Tensen CP, Vermeer MH, van der Stoop PM, van Beek P, Scheper RJ, Boorsma DM,
et al. Epidermal interferon-gamma inducible protein-10 (IP-10) and mono-
kine induced by gamma-interferon (Mig) but not IL-8 mRNA expression is
associated with epidermotropism in cutaneous T cell lymphomas. J Invest
Dermatol (1998) 111:222-6. d0i:10.1046/j.1523-1747.1998.00263.x
Miyagaki T, Sugaya M, Suga H, Morimura S, Ohmatsu H, Fujita H, et al. Low
herpesvirus entry mediator (HVEM) expression on dermal fibroblasts con-
tributes to a Th2-dominant microenvironment in advanced cutaneous T-cell
lymphoma. ] Invest Dermatol (2012) 132:1280-9. doi:10.1038/jid.2011.470
Ferenczi K, Fuhlbrigge RC, Pinkus J, Pinkus GS, Kupper TS. Increased
CCR4 expression in cutaneous T cell lymphoma. J Invest Dermatol (2002)
119:1405-10. doi:10.1046/j.1523-1747.2002.19610.x

Miyagaki T, Sugaya M. Immunological milieu in mycosis fungoides and
Sezary syndrome. ] Dermatol (2014) 41:11-8. doi:10.1111/1346-8138.12305
Miyagaki T, Sugaya M, Suga H, Kamata M, Ohmatsu H, Fujita H, et al. IL-22,
but not IL-17, dominant environment in cutaneous T-cell lymphoma. Clin
Cancer Res (2011) 17(24):7529-38. d0i:10.1158/1078-0432.CCR-11-1192
Kallinich T, Muche JM, Qin S, Sterry W, Audring H, Kroczek RA. Chemokine
receptor expression on neoplastic and reactive T cells in the skin at different
stages of mycosis fungoides. JInvest Dermatol (2003) 121(5):1045-52.
doi:10.1046/j.1523-1747.2003.12555.x

Wau XS, Lonsdorf AS, Hwang ST. Cutaneous T-cell lymphoma: roles for chemo-
kines and chemokine receptors. J Invest Dermatol (2009) 129(5):1115-9.
doi:10.1038/jid.2009.45

Sokolowska-Wojdylo M, Wenzel ], Gaffal E, Lenz J, Speuser P, Erdmann S,
et al. Circulating clonal CLA(4) and CD4(+) T cells in Sezary syndrome

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

express the skin-homing chemokine receptors CCR4 and CCRI10 as well as
the lymph node-homing chemokine receptor CCR7. Br ] Dermatol (2005)
152:258-64. doi:10.1111/j.1365-2133.2004.06325.x

Narducci MG, Scala E, Bresin A, Caprini E, Picchio MC, Remotti D, et al.
Skin homing of Sezary cells involves SDF-1-CXCR4 signaling and down-
regulation of CD26/dipeptidylpeptidase IV. Blood (2006) 107:1108-15.
doi:10.1182/blood-2005-04-1492

Kakinuma T, Sugaya M, Nakamura K, Kaneko F, Wakugawa M, Matsushima K,
et al. Thymus and activation-regulated chemokine (TARC/CCL17) in
mycosis fungoides: serum TARC levels reflect the disease activity of mycosis
fungoides. ] Am Acad Dermatol (2003) 48:23-30. doi:10.1067/m;jd.2003.132
Morales J, Homey B, Vicari AP, Hudak S, Oldham E, Hedrick J, et al. CTACK,
a skin-associated chemokine that preferentially attracts skin-homing memory
T cells. Proc Natl Acad Sci U S A (1999) 96:14470-5. doi:10.1073/pnas.96.
25.14470

Fujita Y, Abe R, Sasaki M, Honda A, Furuichi M, Asano Y, et al. Presence of
circulating CCR10+ T cells and elevated serum CTACK/CCL27 in the early
stage of mycosis fungoides. Clin Cancer Res (2006) 12:2670-5. doi:10.1158/
1078-0432.CCR-05-1513

Goteri G, Rupoli S, Campanati A, Zizzi A, Picardi P, Cardelli M, et al. Serum
and tissue CTACK/CCL27 chemokine levels in early mycosis fungoides may
be correlated with disease-free survival following treatment with interferon
alfaand psoralen plus ultraviolet A therapy. Br ] Dermatol (2012) 166:948-52.
doi:10.1111/j.1365-2133.2012.10818.x

Maj J, Jankowska-Konsur AM, Halon A, Wozniak Z, Plomer-Niezgoda E,
Reich A. Expression of CXCR4 and CXCL12 and their correlations to the
cell proliferation and angiogenesis in mycosis fungoides. Postepy Dermatol
Alergol (2015) 32:437-42. doi:10.5114/pdia.2015.48034

Vowels BR, Cassin M, Vonderheid EC, Rook AH. Aberrant cytokine pro-
duction by Sezary syndrome patients: cytokine secretion pattern resembles
murine Th2 cells. ] Invest Dermatol (1992) 99:90-4. doi:10.1111/1523-1747.
epl12611877

Dummer R, Kohl O, Gillessen ], Kagi M, Burg G. Peripheral blood mono-
nuclear cells in patients with nonleukemic cutaneous T-cell lymphoma.
Reduced proliferation and preferential secretion of a T helper-2-like cyto-
kine pattern on stimulation. Arch Dermatol (1993) 129:433-6. doi:10.1001/
archderm.1993.01680250045005

Vowels BR, Lessin SR, Cassin M, Jaworsky C, Benoit B, Wolfe JT, et al. Th2
cytokine mRNA expression in skin in cutaneous T-cell lymphoma. J Invest
Dermatol (1994) 103:669-73. doi:10.1111/1523-1747.ep12398454

Dummer R, Heald PW, Nestle FO, Ludwig E, Laine E, Hemmi S, et al. Sezary
syndrome T-cell clones display T-helper 2 cytokines and express the accessory
factor-1 (interferon-gamma receptor beta-chain). Blood (1996) 88:1383-9.
Asadullah K, Haeussler A, Sterry W, Docke WD, Volk HD. Interferon gamma
and tumor necrosis factor alpha mRNA expression in mycosis fungoides
progression. Blood (1996) 88:757-8.

Asadullah K, Docke WD, Haeussler A, Sterry W, Volk HD. Progression of
mycosis fungoides is associated with increasing cutaneous expression of
interleukin-10 mRNA. ] Invest Dermatol (1996) 107:833-7.d0i:10.1111/1523-
1747.ep12330869

Guenova E, Watanabe R, Teague JE, Desimone JA, Jiang Y, Dowlatshahi M,
et al. TH2 cytokines from malignant cells suppress TH1 responses and
enforce a global TH2 bias in leukemic cutaneous T-cell lymphoma. Clin
Cancer Res (2013) 19:3755-63. doi:10.1158/1078-0432.CCR-12-3488
Kaplan EH, Rosen ST, Norris DB, Roenigk HH Jr., Saks SR, Bunn PA Jr. Phase
IT study of recombinant human interferon gamma for treatment of cutane-
ous T-cell lymphoma. J Natl Cancer Inst (1990) 82:208-12. doi:10.1093/
jnci/82.3.208

Sugaya M, Tokura Y, Hamada T, Tsuboi R, Moroi Y, Nakahara T, et al. Phase
II study of i.v. interferon-gamma in Japanese patients with mycosis fungoides.
J Dermatol (2014) 41:50-6. doi:10.1111/1346-8138.12341

Dummer R, Hassel JC, Fellenberg F, Eichmuller S, Maier T, Slos P, et al.
Adenovirus-mediated intralesional interferon-gamma gene transfer induces
tumor regressions in cutaneous lymphomas. Blood (2004) 104:1631-8.
doi:10.1182/blood-2004-01-0360

Urosevic M, Fujii K, Calmels B, Laine E, Kobert N, Acres B, et al. Type I IFN
innate immune response to adenovirus-mediated IFN-gamma gene transfer
contributes to the regression of cutaneous lymphomas. J Clin Invest (2007)
117:2834-46. doi:10.1172/JCI32077

Frontiers in Oncology | www.frontiersin.org

June 2018 | Volume 8 | Article 198


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1182/blood-2009-11-251926
https://doi.org/10.1182/blood-2009-11-251926
https://doi.org/10.1182/blood.V97.5.1388
https://doi.org/10.1111/j.0022-202X.2004.22326.x
https://doi.org/10.1002/path.1251
https://doi.org/10.1002/path.1251
https://doi.org/10.1182/blood-2008-
04-153031
https://doi.org/10.1182/blood-2008-
04-153031
https://doi.org/10.1038/jid.2010.8
https://doi.org/10.1038/jid.2010.8
https://doi.org/10.1038/ng.3444
https://doi.org/10.1038/jid.2011.27
https://doi.org/10.1182/blood-2004-06-2181
https://doi.org/10.1038/jid.2009.175
https://doi.org/10.1016/j.jdermsci.2010.05.005
https://doi.org/10.1309/3N7P-J84L-JQ9K-G89R
https://doi.org/10.1046/j.1523-1747.1998.00263.x
https://doi.org/10.1038/jid.2011.470
https://doi.org/10.1046/j.1523-1747.2002.19610.x
https://doi.org/10.1111/1346-8138.12305
https://doi.org/10.1158/1078-0432.CCR-11-1192
https://doi.org/10.1046/j.1523-1747.2003.12555.x
https://doi.org/10.1038/jid.2009.45
https://doi.org/10.1111/j.1365-2133.2004.06325.x
https://doi.org/10.1182/blood-2005-04-1492
https://doi.org/10.1067/mjd.2003.132
https://doi.org/10.1073/pnas.96.
25.14470
https://doi.org/10.1073/pnas.96.
25.14470
https://doi.org/10.1158/
1078-0432.CCR-05-1513
https://doi.org/10.1158/
1078-0432.CCR-05-1513
https://doi.org/10.1111/j.1365-2133.2012.10818.x
https://doi.org/10.5114/pdia.2015.48034
https://doi.org/10.1111/1523-1747.ep12611877
https://doi.org/10.1111/1523-1747.ep12611877
https://doi.org/10.1001/archderm.1993.01680250045005
https://doi.org/10.1001/archderm.1993.01680250045005
https://doi.org/10.1111/1523-1747.ep12398454
https://doi.org/10.1111/1523-1747.ep12330869
https://doi.org/10.1111/1523-1747.ep12330869
https://doi.org/10.1158/1078-0432.CCR-12-3488
https://doi.org/10.1093/jnci/82.3.208
https://doi.org/10.1093/jnci/82.3.208
https://doi.org/10.1111/1346-8138.12341
https://doi.org/10.1182/blood-2004-01-0360
https://doi.org/10.1172/JCI32077

Fujii

Cutaneous T-Cell Lymphoma

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Dummer R, Eichmuller S, Gellrich S, Assaf C, Dreno B, Schiller M, et al.
Phase II clinical trial of intratumoral application of TG1042 (adenovirus-
interferon-gamma) in patients with advanced cutaneous T-cell lymphomas
and multilesional cutaneous B-cell lymphomas. Mol Ther (2010) 18:1244-7.
doi:10.1038/mt.2010.52

Thumann P, Luftl M, Moc I, Bagot M, Bensussan A, Schuler G, et al.
Interaction of cutaneous lymphoma cells with reactive T cells and dendritic
cells: implications for dendritic cell-based immunotherapy. Br ] Dermatol
(2003) 149:1128-42. doi:10.1111/.1365-2133.2003.05674.x

Talpur R, Bassett R, Duvic M. Prevalence and treatment of Staphylococcus
aureus colonization in patients with mycosis fungoides and Sezary syndrome.
Br ] Dermatol (2008) 159:105-12. doi:10.1111/j.1365-2133.2008.08612.x
Tsambiras PE, Patel S, Greene JN, Sandin RL, Vincent AL. Infectious com-
plications of cutaneous t-cell lymphoma. Cancer Control (2001) 8:185-8.
doi:10.1177/107327480100800213

Talpur R, Singh L, Daulat S, Liu P, Seyfer S, Trynosky T, et al. Long-term
outcomes of 1,263 patients with mycosis fungoides and Sezary syndrome
from 1982 to 2009. Clin Cancer Res (2012) 18:5051-60. doi:10.1158/1078-
0432.CCR-12-0604

Showe LC, Fox FE, Williams D, Au K, Niu Z, Rook AH. Depressed IL-12-
mediated signal transduction in T cells from patients with Sezary syndrome
is associated with the absence of IL-12 receptor beta 2 mRNA and highly
reduced levels of STAT4. ] Immunol (1999) 163(7):4073-9.

Kopp KL, Ralfkiaer U, Gjerdrum LM, Helvad R, Pedersen IH, Litman T,
et al. STAT5-mediated expression of oncogenic miR-155 in cutaneous T-cell
lymphoma. Cell Cycle (2013) 12(12):1939-47. doi:10.4161/cc.24987
Netchiporouk E, Litvinov IV, Moreau L, Gilbert M, Sasseville D, Duvic M.
Deregulation in STAT signaling is important for cutaneous T-cell lymphoma
(CTCL) pathogenesis and cancer progression. Cell Cycle (2014) 13(21):
3331-5. doi:10.4161/15384101.2014.965061

Rook AH, Kubin M, Fox FE, Niu Z, Cassin M, Vowels BR, et al. The potential
therapeutic role of interleukin-12 in cutaneous T-cell lymphoma. Ann N Y
Acad Sci (1996) 795:310-8. d0i:10.1111/j.1749-6632.1996.tb52680.x

van der Fits L, Out-Luiting JJ, van Leeuwen MA, Samsom JN, Willemze R,
Tensen CP, et al. Autocrine IL-21 stimulation is involved in the maintenance
of constitutive STAT3 activation in Sezary syndrome. J Invest Dermatol
(2012) 132(2):440-7. doi:10.1038/jid.2011.293

Qin JZ, Kamarashev ], Zhang CL, Dummer R, Burg G, Dobbeling U.
Constitutive and interleukin-7- and interleukin-15-stimulated DNA binding
of STAT and novel factors in cutaneous T cell lymphoma cells. J Invest
Dermatol (2001) 117(3):583-9. doi:10.1046/j.0022-202x.2001.01436.x
Nielsen M, Kaestel CG, Eriksen KW, Woetmann A, Stokkedal T, Kaltoft K,
et al. Inhibition of constitutively activated Stat3 correlates with altered Bcl-2/
Bax expression and induction of apoptosis in mycosis fungoides tumor cells.
Leukemia (1999) 13(5):735-8. d0i:10.1038/sj.leu.2401415

van Kester MS, Out-Luiting JJ, von dem Borne PA, Willemze R, Tensen CP,
Vermeer MH. Cucurbitacin I inhibits Stat3 and induces apoptosis in Sezary
cells. J Invest Dermatol (2008) 128(7):1691-5. doi:10.1038/sj.jid.5701246
Gibson HM, Mishra A, Chan DV, Hake TS, Porcu P, Wong HK. Impaired
proteasome function activates GATA3 in T cells and upregulates CTLA-4:
relevance for Sezary syndrome. J Invest Dermatol (2013) 133(1):249-57.
doi:10.1038/jid.2012.265

Liotta LA, Kohn EC. The microenvironment of the tumour-host interface.
Nature (2001) 411:375-9. doi:10.1038/35077241

Miyagaki T, Sugaya M, Fujita H, Ohmatsu H, Kakinuma T, Kadono T, et al.
Eotaxins and CCR3 interaction regulates the Th2 environment of cutaneous
T-cell lymphoma. JInvest Dermatol (2010) 130:2304-11. doi:10.1038/
jid.2010.128

Kleinhans M, Tun-Kyi A, Gilliet M, Kadin ME, Dummer R, Burg G,
et al. Functional expression of the eotaxin receptor CCR3 in CD30+
cutaneous T-cell lymphoma. Blood (2003) 101:1487-93. doi:10.1182/blood-
2002-02-0475

Sallusto F, Mackay CR, Lanzavecchia A. Selective expression of the eotaxin
receptor CCR3 by human T helper 2 cells. Science (1997) 277:2005-7.
doi:10.1126/science.277.5334.2005

Forssmann U, Uguccioni M, Loetscher P, Dahinden CA, Langen H, Thelen M,
et al. Eotaxin-2, a novel CC chemokine that is selective for the chemokine
receptor CCR3, and acts like eotaxin on human eosinophil and basophil
leukocytes. J Exp Med (1997) 185:2171-6. doi:10.1084/jem.185.12.2171

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Kikuchi Y, Kunita A, Iwata C, Komura D, Nishiyama T, Shimazu K, et al.
The niche component periostin is produced by cancer-associated fibroblasts,
supporting growth of gastric cancer through ERK activation. Am ] Pathol
(2014) 184:859-70. doi:10.1016/j.ajpath.2013.11.012

Furudate S, Fujimura T, Kakizaki A, Kambayashi Y, Asano M, Watabe A,
et al. The possible interaction between periostin expressed by cancer stroma
and tumor-associated macrophages in developing mycosis fungoides. Exp
Dermatol (2016) 25:107-12. doi:10.1111/exd.12873

Takahashi N, Sugaya M, Suga H, Oka T, Kawaguchi M, Miyagaki T, et al.
Thymic stromal chemokine TSLP Acts through Th2 cytokine production
to induce cutaneous T-cell lymphoma. Cancer Res (2016) 76:6241-52.
doi:10.1158/0008-5472.CAN-16-0992

Soumelis V, Reche PA, Kanzler H, Yuan W, Edward G, Homey B, et al. Human
epithelial cells trigger dendritic cell mediated allergic inflammation by pro-
ducing TSLP. Nat Immunol (2002) 3:673-80. doi:10.1038/ni805

Miyagaki T, Sugaya M, Fujita H, Saeki H, Tamaki K. Increased serum
thymic stromal lymphopoietin levels in patients with cutaneous T cell
lymphoma. Clin Exp Dermatol (2009) 34:539-40. doi:10.1111/j.1365-2230.
2008.02990.x

Tuzova M, Richmond ], Wolpowitz D, Curiel-Lewandrowski C, Chaney K,
Kupper T, et al. CCR4+T cell recruitment to the skin in mycosis fungoides:
potential contributions by thymic stromal lymphopoietin and interleukin-16.
Leuk Lymphoma (2015) 56:440-9. doi:10.3109/10428194.2014.919634
Mantovani A, Bottazzi B, Colotta F, Sozzani S, Ruco L. The origin and func-
tion of tumor-associated macrophages. Immunol Today (1992) 13:265-70.
doi:10.1016/0167-5699(92)90008-U

Hao NB, Lu MH, Fan YH, Cao YL, Zhang ZR, Yang SM. Macrophages in
tumor microenvironments and the progression of tumors. Clin Dev Immunol
(2012) 2012:948098. doi:10.1155/2012/948098

Bingle L, Brown NJ, Lewis CE. The role of tumour-associated macrophages
in tumour progression: implications for new anticancer therapies. J Pathol
(2002) 196:254-65. d0i:10.1002/path.1027

Sugaya M, Miyagaki T, Ohmatsu H, Suga H, Kai H, Kamata M, et al.
Association of the numbers of CD163(+) cells in lesional skin and serum
levels of soluble CD163 with disease progression of cutaneous T cell lym-
phoma. J Dermatol Sci (2012) 68:45-51. doi:10.1016/j.jdermsci.2012.07.007
Assaf C, Hwang ST. Mac attack: macrophages as key drivers of cutaneous
T-cell lymphoma pathogenesis. Exp Dermatol (2016) 25:105-6. doi:10.1111/
exd.12894

Tada K, Hamada T, Asagoe K, Umemura H, Mizuno-lkeda K, Aoyama Y,
et al. Increase of DC-LAMP+ mature dendritic cell subsets in dermatopa-
thic lymphadenitis of mycosis fungoides. Eur | Dermatol (2014) 24:670-5.
doi:10.1684/ejd.2014.2437

Wu X, Schulte BC, Zhou Y, Haribhai D, Mackinnon AC, Plaza JA, et al.
Depletion of M2-like tumor-associated macrophages delays cutaneous
T-cell lymphoma development in vivo. ] Invest Dermatol (2014) 134:2814-22.
doi:10.1038/jid.2014.206

Kodelja V, Muller C, Politz O, Hakij N, Orfanos CE, Goerdt S. Alternative
macrophage activation-associated CC-chemokine-1, a novel structural
homologue of macrophage inflammatory protein-1 alpha with a Th2-
associated expression pattern. J Immunol (1998) 160:1411-8.

Islam SA, Ling ME Leung J, Shreffler WG, Luster AD. Identification of human
CCRS8 as a CCL18 receptor. ] Exp Med (2013) 210:1889-98. doi:10.1084/
jem.20130240

Gunther C, Zimmermann N, Berndt N, Grosser M, Stein A, Koch A, et al.
Up-regulation of the chemokine CCL18 by macrophages is a potential
immunomodulatory pathway in cutaneous T-cell lymphoma. Am ] Pathol
(2011) 179:1434-42. doi:10.1016/j.ajpath.2011.05.040

Miyagaki T, Sugaya M, Suga H, Ohmatsu H, Fujita H, Asano Y, et al. Increased
CCL18 expression in patients with cutaneous T-cell lymphoma: association
with disease severity and prognosis. ] Eur Acad Dermatol Venereol (2013)
27:¢60-7. doi:10.1111/j.1468-3083.2012.04495.x

Kim YH, Tavallaee M, Sundram U, Salva KA, Wood GS, Li S, et al. Phase II
investigator-initiated study of brentuximab vedotin in mycosis fungoides and
Sezary syndrome with variable CD30 expression level: a multi-institution
collaborative project. J Clin Oncol (2015) 33:3750-8. doi:10.1200/JCO.
2014.60.3969

Banchereau J, Steinman RM. Dendritic cells and the control of immunity.
Nature (1998) 392:245-52. doi:10.1038/32588

Frontiers in Oncology | www.frontiersin.org

23

June 2018 | Volume 8 | Article 198


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1038/mt.2010.52
https://doi.org/10.1111/j.1365-2133.2003.05674.x
https://doi.org/10.1111/j.1365-2133.2008.08612.x
https://doi.org/10.1177/107327480100800213
https://doi.org/10.1158/1078-0432.CCR-12-0604
https://doi.org/10.1158/1078-0432.CCR-12-0604
https://doi.org/10.4161/cc.24987
https://doi.org/10.4161/15384101.2014.965061
https://doi.org/10.1111/j.1749-6632.1996.tb52680.x
https://doi.org/10.1038/jid.2011.293
https://doi.org/10.1046/j.0022-202x.2001.01436.x
https://doi.org/10.1038/sj.leu.2401415
https://doi.org/10.1038/sj.jid.5701246
https://doi.org/10.1038/jid.2012.265
https://doi.org/10.1038/35077241
https://doi.org/10.1038/jid.2010.128
https://doi.org/10.1038/jid.2010.128
https://doi.org/10.1182/blood-
2002-02-0475
https://doi.org/10.1182/blood-
2002-02-0475
https://doi.org/10.1126/science.277.5334.2005
https://doi.org/10.1084/jem.185.12.2171
https://doi.org/10.1016/j.ajpath.2013.11.012
https://doi.org/10.1111/exd.12873
https://doi.org/10.1158/0008-5472.CAN-16-0992
https://doi.org/10.1038/ni805
https://doi.org/10.1111/j.1365-2230.
2008.02990.x
https://doi.org/10.1111/j.1365-2230.
2008.02990.x
https://doi.org/10.3109/10428194.2014.919634
https://doi.org/10.1016/0167-5699(92)90008-U
https://doi.org/10.1155/2012/948098
https://doi.org/10.1002/path.1027
https://doi.org/10.1016/j.jdermsci.2012.07.007
https://doi.org/10.1111/exd.12894
https://doi.org/10.1111/exd.12894
https://doi.org/10.1684/ejd.2014.2437
https://doi.org/10.1038/jid.2014.206
https://doi.org/10.1084/jem.20130240
https://doi.org/10.1084/jem.20130240
https://doi.org/10.1016/j.ajpath.2011.05.040
https://doi.org/10.1111/j.1468-3083.2012.04495.x
https://doi.org/10.1200/JCO.
2014.60.3969
https://doi.org/10.1200/JCO.
2014.60.3969
https://doi.org/10.1038/32588

Fujii

Cutaneous T-Cell Lymphoma

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Luftl M, Feng A, Licha E, Schuler G. Dendritic cells and apoptosis in mycosis
fungoides. Br ] Dermatol (2002) 147:1171-9. doi:10.1046/j.1365-2133.
2002.04994.x

Schlapbach C, Ochsenbein A, Kaelin U, Hassan AS, Hunger RE, Yawalkar N.
High numbers of DC-SIGN+ dendritic cells in lesional skin of cutaneous
T-cell lymphoma. ] Am Acad Dermatol (2010) 62:995-1004. doi:10.1016/j.
jaad.2009.06.082

Yamaguchi J, Aihara M, Kobayashi Y, Kambara T, Ikezawa Z. Quantitative
analysis of nerve growth factor (NGF) in the atopic dermatitis and psoriasis
horny layer and effect of treatment on NGF in atopic dermatitis. ] Dermatol
Sci (2009) 53:48-54. d0i:10.1016/j.jdermsci.2008.08.011

Suga H, Sugaya M, Miyagaki T, Ohmatsu H, Fujita H, Kagami S, et al.
Association of nerve growth factor, chemokine (C-C motif) ligands and
immunoglobulin E with pruritus in cutaneous T-cell lymphoma. Acta Derm
Venereol (2013) 93:144-9. doi:10.2340/00015555-1428

Ribatti D, Crivellato E. Mast cells, angiogenesis and cancer. Adv Exp Med Biol
(2011) 716:270-88. d0i:10.1007/978-1-4419-9533-9_14

Rabenhorst A, Schlaak M, Heukamp LC, Forster A, Theurich S, von Bergwelt-
Baildon M, et al. Mast cells play a protumorigenic role in primary cutaneous
lymphoma. Blood (2012) 120:2042-54. doi:10.1182/blood-2012-03-415638
Zheng Y, Valdez PA, Danilenko DM, Hu Y, Sa SM, Gong Q, et al
Interleukin-22 mediates early host defense against attaching and effacing
bacterial pathogens. Nat Med (2008) 14:282-9. doi:10.1038/nm1720
Shimauchi T, Sasada K, Kito Y, Mori T, Hata M, Fujiyama T, et al. CD8+
Sezary syndrome with interleukin-22 production modulated by bacterial
sepsis. Br ] Dermatol (2013) 168:881-3. doi:10.1111/bjd.12051

Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators
of the immune system. Nat Rev Immunol (2009) 9:162-74. doi:10.1038/
nri2506

Pileri A, Agostinelli C, Sessa M, Quaglino P, Santucci M, Tomasini C, et al.
Langerhans, plasmacytoid dendritic and myeloid-derived suppressor cell levels
in mycosis fungoides vary according to the stage of the disease. Virchows Arch
(2017) 470:575-82. doi:10.1007/s00428-017-2107-1

Samimi S, Benoit B, Evans K, Wherry EJ, Showe L, Wysocka M, et al.
Increased programmed death-1 expression on CD4+ T cells in cutaneous
T-cell lymphoma: implications for immune suppression. Arch Dermatol
(2010) 146(12):1382-8. doi:10.1001/archdermatol.2010.200

Kantekure K, Yang Y, Raghunath P, Schaffer A, Woetmann A, Zhang Q,
et al. Expression patterns of the immunosuppressive proteins PD-1/CD279
and PD-L1/CD274 at different stages of cutaneous T-cell lymphoma/
mycosis fungoides. Am ] Dermatopathol (2012) 34(1):126-8. doi:10.1097/
DAD.0b013e31821c35¢cb

Wong HK, Wilson AJ, Gibson HM, Hafner MS, Hedgcock CJ, Berger CL,
etal. Increased expression of CTLA-4 in malignant T-cells from patients with
mycosis fungoides — cutaneous T cell lymphoma. ] Invest Dermatol (2006)
126(1):212-9. doi:10.1038/s}.jid.5700029

Bosisio FM, Cerroni L. Expression of T-follicular helper markers in sequen-
tial biopsies of progressive mycosis fungoides and other primary cutaneous
T-cell lymphomas. Am ] Dermatopathol (2015) 37(2):115-21. doi:10.1097/
DAD.0000000000000258

Wilcox RA. Cutaneous T-cell lymphoma: 2017 update on diagnosis,
risk-stratification, and management. Am ] Hematol (2017) 92:1085-102.
doi:10.1002/ajh.24876

Hughes CE Khot A, McCormack C, Lade S, Westerman DA, Twigger R, et al.
Lack of durable disease control with chemotherapy for mycosis fungoides
and Sezary syndrome: a comparative study of systemic therapy. Blood (2015)
125:71-81. doi:10.1182/blood-2014-07-588236

Akilov OE, Geskin L. Therapeutic advances in cutaneous T-cell lymphoma.
Skin Therapy Lett (2011) 16:1-5.

Olsen EA, Rosen ST, Vollmer RT, Variakojis D, Roenigk HH Jr., Diab N, et al.
Interferon alfa-2a in the treatment of cutaneous T cell lymphoma. ] Am Acad
Dermatol (1989) 20:395-407. doi:10.1016/S0190-9622(89)70049-9

Suchin KR, Cucchiara AJ, Gottleib SL, Wolfe JT, DeNardo BJ, Macey WH,
et al. Treatment of cutaneous T-cell lymphoma with combined immunomo-
dulatory therapy: a 14-year experience at a single institution. Arch Dermatol
(2002) 138:1054-60. doi:10.1001/archderm.138.8.1054

Pichardo DA, Querfeld C, Guitart J, Kuzel TM, Rosen ST. Cutaneous T-cell
lymphoma: a paradigm for biological therapies. Leuk Lymphoma (2004)
45:1755-65. doi:10.1080/10428190410001693560

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Furudate S, Fujimura T, Kakizaki A, Hidaka T, Asano M, Aiba S. Tumor-
associated M2 macrophages in mycosis fungoides acquire immunomo-
dulatory function by interferon alpha and interferon gamma. J Dermatol Sci
(2016) 83:182-9. doi:10.1016/j.jdermsci.2016.05.004

Sauder DN. Immunomodulatory and pharmacologic properties of imiqui-
mod. ] Am Acad Dermatol (2000) 43(1 Pt 2):S6-11. doi:10.1067/mjd.2000.
107808

Suchin KR, Junkins-Hopkins JM, Rook AH. Treatment of stage IA cutaneous
T-Cell lymphoma with topical application of the immune response modifier
imiquimod. Arch Dermatol (2002) 138:1137-9. doi:10.1001/archderm.
138.9.1137

Dummer R, Urosevic M, Kempf W, Kazakov D, Burg G. Imiquimod induces
complete clearance of a PUVA-resistant plaque in mycosis fungoides.
Dermatology (2003) 207:116-8. doi:10.1159/000070962

Coors EA, Schuler G, Von Den Driesch P. Topical imiquimod as treatment
for different kinds of cutaneous lymphoma. Eur ] Dermatol (2006) 16:391-3.
Gordon MC, Sluzevich JC, Jambusaria-Pahlajani A. Clearance of folliculo-
tropic and tumor mycosis fungoides with topical 5% imiquimod. JAAD Case
Rep (2015) 1:348-50. doi:10.1016/j.jdcr.2015.08.007

Rook AH, Gelfand JM, Wysocka M, Troxel AB, Benoit B, Surber C, et al.
Topical resiquimod can induce disease regression and enhance T-cell
effector functions in cutaneous T-cell lymphoma. Blood (2015) 126:1452-61.
doi:10.1182/blood-2015-02-630335

Gorden KB, Gorski KS, Gibson SJ, Kedl RM, Kieper WC, Qiu X, et al.
Synthetic TLR agonists reveal functional differences between human TLR7
and TLR8. ] Immunol (2005) 174:1259-68. doi:10.4049/jimmunol.174.3.1259
Marks P, Rifkind RA, Richon VM, Breslow R, Miller T, Kelly WK. Histone
deacetylases and cancer: causes and therapies. Nat Rev Cancer (2001)
1:194-202. doi:10.1038/35106079

Marks PA, Jiang X. Histone deacetylase inhibitors in programmed cell death
and cancer therapy. Cell Cycle (2005) 4:549-51. doi:10.4161/cc.4.4.1564
Olsen EA, Kim YH, Kuzel TM, Pacheco TR, Foss FM, Parker S, et al. Phase
IIb multicenter trial of vorinostat in patients with persistent, progressive,
or treatment refractory cutaneous T-cell lymphoma. J Clin Oncol (2007)
25:3109-15. doi:10.1200/JCO.2006.10.2434

Duvic M, Talpur R, Ni X, Zhang C, Hazarika P, Kelly C, et al. Phase 2 trial
of oral vorinostat (suberoylanilide hydroxamic acid, SAHA) for refractory
cutaneous T-cell lymphoma (CTCL). Blood (2007) 109:31-9. doi:10.1182/
blood-2006-06-025999

Piekarz RL, Frye R, Turner M, Wright JJ, Allen SL, Kirschbaum MH, et al.
Phase II multi-institutional trial of the histone deacetylase inhibitor romide-
psin as monotherapy for patients with cutaneous T-cell lymphoma. J Clin
Oncol (2009) 27:5410-7. doi:10.1200/JCO.2008.21.6150

Whittaker SJ, Demierre MFE, Kim EJ, Rook AH, Lerner A, Duvic M, et al.
Final results from a multicenter, international, pivotal study of romidepsin
in refractory cutaneous T-cell lymphoma. J Clin Oncol (2010) 28:4485-91.
doi:10.1200/JC0.2010.28.9066

Wada H, Tsuboi R, Kato Y, Sugaya M, Tobinai K, Hamada T, et al. Phase I and
pharmacokinetic study of the oral histone deacetylase inhibitor vorinostat in
Japanese patients with relapsed or refractory cutaneous T-cell lymphoma.
J Dermatol (2012) 39:823-8. doi:10.1111/j.1346-8138.2012.01554.x

Kim YH, Demierre MF, Kim EJ, Lerner A, Rook AH, Duvic M, et al.
Clinically meaningful reduction in pruritus in patients with cutaneous T-cell
lymphoma treated with romidepsin. Leuk Lymphoma (2013) 54:284-9.
doi:10.3109/10428194.2012.711829

Cedeno-Laurent E, Singer EM, Wysocka M, Benoit BM, Vittorio CC, Kim EJ,
etal. Improved pruritus correlates with lower levels of IL-31 in CTCL patients
under different therapeutic modalities. Clin Immunol (2015) 158:1-7.
doi:10.1016/j.clim.2015.02.014

Francisco JA, Cerveny CG, Meyer DL, Mixan BJ, Klussman K, Chace DFE,
et al. cAC10-veMMAE, an anti-CD30-monomethyl auristatin E conjugate
with potent and selective antitumor activity. Blood (2003) 102:1458-65.
doi:10.1182/blood-2003-01-0039

Younes A, Gopal AK, Smith SE, Ansell SM, Rosenblatt JD, Savage K], et al.
Results of a pivotal phase II study of brentuximab vedotin for patients with
relapsed or refractory Hodgkin's lymphoma. J Clin Oncol (2012) 30:2183-9.
doi:10.1200/JC0.2011.38.0410

Forero-Torres A, Fanale M, Advani R, Bartlett NL, Rosenblatt JD, Kennedy DA,
et al. Brentuximab vedotin in transplant-naive patients with relapsed or

Frontiers in Oncology | www.frontiersin.org

June 2018 | Volume 8 | Article 198


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1046/j.1365-2133.
2002.04994.x
https://doi.org/10.1046/j.1365-2133.
2002.04994.x
https://doi.org/10.1016/j.jaad.2009.06.082
https://doi.org/10.1016/j.jaad.2009.06.082
https://doi.org/10.1016/j.jdermsci.2008.08.011
https://doi.org/10.2340/00015555-1428
https://doi.org/10.1007/978-1-4419-9533-9_14
https://doi.org/10.1182/blood-2012-03-415638
https://doi.org/10.1038/nm1720
https://doi.org/10.1111/bjd.12051
https://doi.org/10.1038/nri2506
https://doi.org/10.1038/nri2506
https://doi.org/10.1007/s00428-017-2107-1
https://doi.org/10.1001/archdermatol.2010.200
https://doi.org/10.1097/DAD.0b013e31821c35cb
https://doi.org/10.1097/DAD.0b013e31821c35cb
https://doi.org/10.1038/sj.jid.5700029
https://doi.org/10.1097/DAD.0000000000000258
https://doi.org/10.1097/DAD.0000000000000258
https://doi.org/10.1002/ajh.24876
https://doi.org/10.1182/blood-2014-07-588236
https://doi.org/10.1016/S0190-9622(89)70049-9
https://doi.org/10.1001/archderm.138.8.1054
https://doi.org/10.1080/10428190410001693560
https://doi.org/10.1016/j.jdermsci.2016.05.004
https://doi.org/10.1067/mjd.2000.
107808
https://doi.org/10.1067/mjd.2000.
107808
https://doi.org/10.1001/archderm.
138.9.1137
https://doi.org/10.1001/archderm.
138.9.1137
https://doi.org/10.1159/000070962
https://doi.org/10.1016/j.jdcr.2015.08.007
https://doi.org/10.1182/blood-2015-02-630335
https://doi.org/10.4049/jimmunol.174.3.1259
https://doi.org/10.1038/35106079
https://doi.org/10.4161/cc.4.4.1564
https://doi.org/10.1200/JCO.2006.10.2434
https://doi.org/10.1182/blood-2006-06-025999
https://doi.org/10.1182/blood-2006-06-025999
https://doi.org/10.1200/JCO.2008.21.6150
https://doi.org/10.1200/JCO.2010.28.9066
https://doi.org/10.1111/j.1346-8138.2012.01554.x
https://doi.org/10.3109/10428194.2012.711829
https://doi.org/10.1016/j.clim.2015.02.014
https://doi.org/10.1182/blood-2003-01-0039
https://doi.org/10.1200/JCO.2011.38.0410

Fujii

Cutaneous T-Cell Lymphoma

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

refractory Hodgkin lymphoma: analysis of two phase I studies. Oncologist
(2012) 17:1073-80. doi:10.1634/theoncologist.2012-0133

Prince HM, Kim YH, Horwitz SM, Dummer R, Scarisbrick J, Quaglino P,
et al. Brentuximab vedotin or physician’s choice in CD30-positive cutaneous
T-cell lymphoma (ALCANZA): an international, open-label, randomised,
phase 3, multicentre trial. Lancet (2017) 390:555-66. doi:10.1016/S0140-
6736(17)31266-7

Ogura M, Ishida T, Hatake K, Taniwaki M, Ando K, Tobinai K, et al.
Multicenter phase II study of mogamulizumab (KW-0761), a defucosylated
anti-cc chemokine receptor 4 antibody, in patients with relapsed peripheral
T-cell lymphoma and cutaneous T-cell lymphoma. J Clin Oncol (2014)
32(11):1157-63. doi:10.1200/JC0O.2013.52.0924

Duvic M, Pinter-Brown LC, Foss FM, Sokol L, Jorgensen JL, Challagundla P,
et al. Phase 1/2 study of mogamulizumab, a defucosylated anti-CCR4 anti-
body, in previously treated patients with cutaneous T-cell lymphoma. Blood
(2015) 125(12):1883-9. doi:10.1182/blood-2014-09-600924

Sicard H, Bonnafous C, Morel A, Bagot M, Bensussan A, Marie-Cardine A.
A novel targeted immunotherapy for CTCL is on its way: anti-KIR3DL2 mAb
IPH4102 is potent and safe in non-clinical studies. Oncoimmunology (2015)
4(9):€1022306. doi:10.1080/2162402X.2015.1022306

Bagot M. New targeted treatments for cutaneous T-cell Lymphomas. Indian
J Dermatol (2017) 62(2):142-5. doi:10.4103/5jd.IJ]D_73_17

Querfeld C, Rosen ST, Guitart J, Duvic M, Kim YH, Dusza SW, et al.
Results of an open-label multicenter phase 2 trial of lenalidomide mono-
therapy in refractory mycosis fungoides and Sezary syndrome. Blood (2014)
123(8):1159-66. doi:10.1182/blood-2013-09-525915

Zinzani PL, Musuraca G, Tani M, Stefoni V, Marchi E, Fina M, et al. Phase
II trial of proteasome inhibitor bortezomib in patients with relapsed or
refractory cutaneous T-cell lymphoma. J Clin Oncol (2007) 25(27):4293-7.
doi:10.1200/JC0O.2007.11.4207

Kempf W, Pfaltz K, Vermeer MH, Cozzio A, Ortiz-Romero PL, Bagot M, et al.
EORTC, ISCL, and USCLC consensus recommendations for the treatment
of primary cutaneous CD30-positive lymphoproliferative disorders: lympho-
matoid papulosis and primary cutaneous anaplastic large-cell lymphoma.
Blood (2011) 118:4024-35. doi:10.1182/blood-2011-05-351346

Stein H, Foss HD, Durkop H, Marafioti T, Delsol G, Pulford K, et al. CD30(+)
anaplastic large cell lymphoma: a review of its histopathologic, genetic, and
clinical features. Blood (2000) 96:3681-95.

Kadin ME, Carpenter C. Systemic and primary cutaneous anaplastic
large cell lymphomas. Semin Hematol (2003) 40:244-56. doi:10.1016/
$0037-1963(03)00138-0

Fornari A, Piva R, Chiarle R, Novero D, Inghirami G. Anaplastic large cell
lymphoma: one or more entities among T-cell lymphoma? Hematol Oncol
(2009) 27:161-70. doi:10.1002/hon.897

Wada DA, Law ME, Hsi ED, Dicaudo DJ, Ma L, Lim MS, et al. Specificity of
IRF4 translocations for primary cutaneous anaplastic large cell lymphoma:
a multicenter study of 204 skin biopsies. Mod Pathol (2011) 24(4):596-605.
doi:10.1038/modpathol.2010.225

Bekkenk MW, Geelen FA, van Voorst Vader PC, Heule E Geerts ML, van
Vloten WA, et al. Primary and secondary cutaneous CD30(+) lymphoprolif-
erative disorders: a report from the Dutch Cutaneous Lymphoma Group on
the long-term follow-up data of 219 patients and guidelines for diagnosis and
treatment. Blood (2000) 95:3653-61.

Fujita A, Hamada T, Iwatsuki K. Retrospective analysis of 133 patients with
cutaneous lymphomas from a single Japanese medical center between 1995 and
2008. ] Dermatol (2011) 38:524-30. doi:10.1111/j.1346-8138.2010.01049.x
Lee WJ, Moon IJ, Lee SH, Won CH, Chang SE, Choi JH, et al. Cutaneous
anaplastic large-cell lymphoma (ALCL): A comparative clinical feature and
survival outcome analysis of 52 cases according to primary tumor site. ] Am
Acad Dermatol (2016) 74:1135-43. d0i:10.1016/j.jaad.2015.12.053

Kempf W. A new era for cutaneous CD30-positive T-cell lymphoprolifer-
ative disorders. Semin Diagn Pathol (2017) 34:22-35. doi:10.1053/j.semdp.
2016.11.005

Burg G, Kempf W, Kazakov DV, Dummer R, Frosch PJ, Lange-Ionescu S,
etal. Pyogenic lymphoma of the skin: a peculiar variant of primary cutaneous
neutrophil-rich CD30+ anaplastic large-cell lymphoma. Clinicopathological
study of four cases and review of the literature. Br ] Dermatol (2003)
148:580-6. doi:10.1046/j.1365-2133.2003.05248.x

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Geissinger E, Sadler P, Roth S, Grieb T, Puppe B, Muller N, et al. Disturbed
expression of the T-cell receptor/CD3 complex and associated signaling
molecules in CD30+ T-cell lymphoproliferations. Haematologica (2010)
95:1697-704. doi:10.3324/haematol.2009.021428

Kadin ME. Primary Ki-1-positive anaplastic large-cell lymphoma: a distinct
clinicopathologic entity. Ann Oncol (1994) 5(Suppl 1):25-30. doi:10.1093/
annonc/5.suppl_1.525

El Shabrawi-Caelen L, Kerl H, Cerroni L. Lymphomatoid papulosis: reap-
praisal of clinicopathologic presentation and classification into subtypes A,
B, and C. Arch Dermatol (2004) 140:441-7. d0i:10.1001/archderm.140.4.441
Saggini A, Gulia A, Argenyi Z, Fink-Puches R, Lissia A, Magana M, et al.
A variant of lymphomatoid papulosis simulating primary cutaneous aggres-
sive epidermotropic CD8+ cytotoxic T-cell lymphoma. Description of 9 cases.
Am ] Surg Pathol (2010) 34:1168-75. doi:10.1097/PAS.0b013e3181e75356
Kempf W, Kazakov DV, Scharer L, Rutten A, Mentzel T, Paredes BE,
et al. Angioinvasive lymphomatoid papulosis: a new variant simulating
aggressive lymphomas. Am ] Surg Pathol (2013) 37:1-13. doi:10.1097/PAS.
0b013e3182648596

Paulli M, Berti E, Rosso R, Boveri E, Kindl S, Klersy C, et al. CD30/Ki-1-
positive lymphoproliferative disorders of the skin - clinicopathologic
correlation and statistical analysis of 86 cases: a multicentric study from the
European Organization for Research and Treatment of Cancer Cutaneous
Lymphoma Project Group. ] Clin Oncol (1995) 13:1343-54. doi:10.1200/
JCO.1995.13.6.1343

Zackheim HS, Jones C, Leboit PE, Kashani-Sabet M, McCalmont TH,
Zehnder J. Lymphomatoid papulosis associated with mycosis fungoides: a
study of 21 patients including analyses for clonality. ] Am Acad Dermatol
(2003) 49:620-3. doi:10.1067/S0190-9622(03)01577-9

Weichenthal M, Goldinger S, Wehkamp U, Beyer M, Stein A, Tsianakas A,
et al. Response of rare variants of cutaneous T cell lymphoma (CTCL) to
treatment with bexarotene. A prospective German DeCOG trial. Blood
(2013) 122:4379.

Foss F, Advani R, Duvic M, Hymes KB, Intragumtornchai T, Lekhakula A,
et al. A Phase II trial of Belinostat (PXD101) in patients with relapsed or
refractory peripheral or cutaneous T-cell lymphoma. Br ] Haematol (2015)
168(6):811-9. doi:10.1111/bjh.13222

Lamant L, Pileri S, Sabattini E, Brugieres L, Jaffe ES, Delsol G. Cutaneous
presentation of ALK-positive anaplastic large cell lymphoma following
insect bites: evidence for an association in five cases. Haematologica (2010)
95(3):449-55. doi:10.3324/haematol.2009.015024

Yoshie O, Fujisawa R, Nakayama T, Harasawa H, Tago H, Izawa D, et al.
Frequent expression of CCR4 in adult T-cell leukemia and human T-cell
leukemia virus type 1-transformed T cells. Blood (2002) 99:1505-11.
doi:10.1182/blood.V99.5.1505

Shimoyama M. Diagnostic criteria and classification of clinical subtypes of
adult T-cell leukaemia-lymphoma. A report from the Lymphoma Study Group
(1984-87). Br ] Haematol (1991) 79:428-37. d0i:10.1111/j.1365-2141.1991.
tb08051.x

Nosaka K, Iwanaga M, Imaizumi Y, Ishitsuka K, Ishizawa K, Ishida Y, et al.
Epidemiological and clinical features of adult T-cell leukemia-lymphoma
in Japan, 2010-2011: a nationwide survey. Cancer Sci (2017) 108:2478-86.
doi:10.1111/cas.13398

Bittencourt AL, Barbosa HS, Vieira MD, Farre L. Adult T-cell leukemia/
lymphoma (ATL) presenting in the skin: clinical, histological and immu-
nohistochemical features of 52 cases. Acta Oncol (2009) 48:598-604.
doi:10.1080/02841860802657235

Setoyama M, Katahira Y, Kanzaki T. Clinicopathologic analysis of 124 cases
of adult T-cell leukemia/lymphoma with cutaneous manifestations: the
smouldering type with skin manifestations has a poorer prognosis than pre-
viously thought. ] Dermatol (1999) 26:785-90. d0i:10.1111/j.1346-8138.1999.
tb02093.x

Tsukasaki K, Imaizumi Y, Tokura Y, Ohshima K, Kawai K, Utsunomiya A,
et al. Meeting report on the possible proposal of an extranodal primary
cutaneous variant in the lymphoma type of adult T-cell leukemia-lymphoma.
] Dermatol (2014) 41:26-8. doi:10.1111/1346-8138.12374

Sawada Y, Hino R, Hama K, Ohmori S, Fueki H, Yamada S, et al. Type of skin
eruption is an independent prognostic indicator for adult T-cell leukemia/
lymphoma. Blood (2011) 117:3961-7. doi:10.1182/blood-2010-11-316794

Frontiers in Oncology | www.frontiersin.org

25

June 2018 | Volume 8 | Article 198


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1634/theoncologist.2012-0133
https://doi.org/10.1016/S0140-
6736(17)31266-7
https://doi.org/10.1016/S0140-
6736(17)31266-7
https://doi.org/10.1200/JCO.2013.52.0924
https://doi.org/10.1182/blood-2014-09-600924
https://doi.org/10.1080/2162402X.2015.1022306
https://doi.org/10.4103/ijd.IJD_73_17
https://doi.org/10.1182/blood-2013-09-525915
https://doi.org/10.1200/JCO.2007.11.4207
https://doi.org/10.1182/blood-2011-05-351346
https://doi.org/10.1016/S0037-1963(03)00138-0
https://doi.org/10.1016/S0037-1963(03)00138-0
https://doi.org/10.1002/hon.897
https://doi.org/10.1038/modpathol.2010.225
https://doi.org/10.1111/j.1346-8138.2010.01049.x
https://doi.org/10.1016/j.jaad.2015.12.053
https://doi.org/10.1053/j.semdp.
2016.11.005
https://doi.org/10.1053/j.semdp.
2016.11.005
https://doi.org/10.1046/j.1365-2133.2003.05248.x
https://doi.org/10.3324/haematol.2009.021428
https://doi.org/10.1093/annonc/5.suppl_1.S25
https://doi.org/10.1093/annonc/5.suppl_1.S25
https://doi.org/10.1001/archderm.140.4.441
https://doi.org/10.1097/PAS.0b013e3181e75356
https://doi.org/10.1097/PAS.
0b013e3182648596
https://doi.org/10.1097/PAS.
0b013e3182648596
https://doi.org/10.1200/JCO.1995.13.6.1343
https://doi.org/10.1200/JCO.1995.13.6.1343
https://doi.org/10.1067/S0190-9622(03)01577-9
https://doi.org/10.1111/bjh.13222
https://doi.org/10.3324/haematol.2009.015024
https://doi.org/10.1182/blood.V99.5.1505
https://doi.org/10.1111/j.1365-2141.1991.tb08051.x
https://doi.org/10.1111/j.1365-2141.1991.tb08051.x
https://doi.org/10.1111/cas.13398
https://doi.org/10.1080/02841860802657235
https://doi.org/10.1111/j.1346-8138.1999.tb02093.x
https://doi.org/10.1111/j.1346-8138.1999.tb02093.x
https://doi.org/10.1111/1346-8138.12374
https://doi.org/10.1182/blood-2010-11-316794

Fujii

Cutaneous T-Cell Lymphoma

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Tokura Y, Sawada Y, Shimauchi T. Skin manifestations of adult T-cell
leukemia/lymphoma: clinical, cytological and immunological features.
] Dermatol (2014) 41:19-25. doi:10.1111/1346-8138.12328

Tanaka Y, Mine S, Figdor CG, Wake A, Hirano H, Tsukada J, et al. Constitutive
chemokine production results in activation of leukocyte function-associated
antigen-1 on adult T-cell leukemia cells. Blood (1998) 91:3909-19.

Mori N, Ueda A, Ikeda S, Yamasaki Y, Yamada Y, Tomonaga M, et al. Human
T-cell leukemia virus type I tax activates transcription of the human mono-
cyte chemoattractant protein-1 gene through two nuclear factor-kappaB
sites. Cancer Res (2000) 60:4939-45.

Ruckes T, Saul D, Van Snick J, Hermine O, Grassmann R. Autocrine antia-
poptotic stimulation of cultured adult T-cell leukemia cells by overexpres-
sion of the chemokine 1-309. Blood (2001) 98:1150-9. doi:10.1182/blood.
V98.4.1150

Ishida T, Utsunomiya A, Iida S, Inagaki H, Takatsuka Y, Kusumoto S, et al.
Clinical significance of CCR4 expression in adult T-cell leukemia/lym-
phoma: its close association with skin involvement and unfavorable outcome.
Clin Cancer Res (2003) 9(10 Pt 1):3625-34.

Hasegawa H, Nomura T, Kohno M, Tateishi N, Suzuki Y, Maeda N, et al.
Increased chemokine receptor CCR7/EBI1 expression enhances the infiltra-
tion of lymphoid organs by adult T-cell leukemia cells. Blood (2000) 95:30-8.
Shimauchi T, Imai S, Hino R, Tokura Y. Production of thymus and
activation-regulated chemokine and macrophage-derived chemokine by
CCR4+ adult T-cell leukemia cells. Clin Cancer Res (2005) 11:2427-35.
doi:10.1158/1078-0432.CCR-04-0491

Karube K, Ohshima K, Tsuchiya T, Yamaguchi T, Kawano R, Suzumiya J,
et al. Expression of FoxP3, a key molecule in CD4CD25 regulatory T cells,
in adult T-cell leukaemia/lymphoma cells. Br ] Haematol (2004) 126:81-4.
doi:10.1111/j.1365-2141.2004.04999.x

Kohno T, Yamada Y, Akamatsu N, Kamihira S, Imaizumi Y, Tomonaga M,
et al. Possible origin of adult T-cell leukemia/lymphoma cells from human
T lymphotropic virus type-1-infected regulatory T cells. Cancer Sci (2005)
96:527-33. doi:10.1111/j.1349-7006.2005.00080.x

Shimauchi T, Kabashima K, Tokura Y. Adult T-cell leukemia/lymphoma
cells from blood and skin tumors express cytotoxic T lymphocyte-associated
antigen-4 and Foxp3 but lack suppressor activity toward autologous CD8+
T cells. Cancer Sci (2008) 99:98-106. doi:10.1111/j.1349-7006.2007.00646.x
Eyerich K, Pennino D, Scarponi C, Foerster S, Nasorri E Behrendt H, et al.
IL-17 in atopic eczema: linking allergen-specific adaptive and microbial-
triggered innate immune response. ] Allergy Clin Immunol (2009) 123:59-66e4.
doi:10.1016/j.jaci.2008.10.031

Sawada Y, Nakamura M, Kabashima-Kubo R, Shimauchi T, Kobayashi M,
Tokura Y. Defective epidermal innate immunity and resultant superficial
dermatophytosis in adult T-cell leukemia/lymphoma. Clin Cancer Res (2012)
18:3772-9. doi:10.1158/1078-0432.CCR-12-0292

Peric M, Koglin S, Kim SM, Morizane S, Besch R, Prinz JC, et al. IL-17A
enhances vitamin D3-induced expression of cathelicidin antimicrobial pep-
tide in human keratinocytes. J Immunol (2008) 181:8504-12. doi:10.4049/
jimmunol.181.12.8504

Sawada Y, Nakamura M, Kabashima-Kubo R, Shimauchi T, Kobayashi M,
Tokura Y. Defective epidermal induction of S100A7/psoriasin associated
with low frequencies of skin-infiltrating Th17 cells in dermatophyto-
sis-prone adult T cell leukemia/lymphoma. Clin Immunol (2013) 148:1-3.
doi:10.1016/j.clim.2013.03.013

Kabashima R, Kabashima K, Hino R, Shimauchi T, Tokura Y. Scabies
superimposed on skin lesions of adult T-cell leukemia/lymphoma: case
report and literature review. Int ] Dermatol (2008) 47:1168-71. doi:10.1111/j.
1365-4632.2008.03707.x

Kozako T, Yoshimitsu M, Fujiwara H, Masamoto I, Horai S, White Y, et al.
PD-1/PD-L1 expression in human T-cell leukemia virus type 1 carriers
and adult T-cell leukemia/lymphoma patients. Leukemia (2009) 23:375-82.
doi:10.1038/leu.2008.272

Shimauchi T, Kabashima K, Nakashima D, Sugita K, Yamada Y, Hino R,
et al. Augmented expression of programmed death-1 in both neoplastic
and non-neoplastic CD4+ T-cells in adult T-cell leukemia/lymphoma.
Int J Cancer (2007) 121:2585-90. doi:10.1002/ijc.23042

Kataoka K, Shiraishi Y, Takeda Y, Sakata S, Matsumoto M, Nagano S, et al.
Aberrant PD-L1 expression through 3’-UTR disruption in multiple cancers.
Nature (2016) 534:402-6. doi:10.1038/nature18294

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Ishida T, Joh T, Uike N, Yamamoto K, Utsunomiya A, Yoshida S, et al.
Defucosylated anti-CCR4 monoclonal antibody (KW-0761) for relapsed
adult T-cell leukemia-lymphoma: a multicenter phase II study. J Clin Oncol
(2012) 30:837-42. doi:10.1200/JCO.2011.37.3472

Tokunaga M, Yonekura K, Nakamura D, Haraguchi K, Tabuchi T, Fujino S,
et al. Clinical significance of cutaneous adverse reaction to mogamulizumab
in relapsed or refractory adult T-cell leukaemia-lymphoma. Br ] Haematol
(2018) 181:539-42. doi:10.1111/bjh.14634

Yonekura K, Tokunaga M, Kawakami N, Takeda K, Kanzaki T, Nakano N,
et al. Cutaneous adverse reaction to mogamulizumab may indicate favour-
able prognosis in adult T-cell leukaemia-lymphoma. Acta Derm Venereol
(2016) 96:1000-2. doi:10.2340/00015555-2421

Ishida T, Ito A, Sato F, Kusumoto S, Iida S, Inagaki H, et al. Stevens-Johnson
syndrome associated with mogamulizumab treatment of adult T-cell
leukemia/ lymphoma. Cancer Sci (2013) 104:647-50. doi:10.1111/cas.12116
Yonekura K, Kanzaki T, Gunshin K, Kawakami N, Takatsuka Y, Nakano N,
et al. Effect of anti-CCR4 monoclonal antibody (mogamulizumab) on adult
T-cell leukemia-lymphoma: cutaneous adverse reactions may predict the
prognosis. ] Dermatol (2014) 41:239-44. doi:10.1111/1346-8138.12419

Fuji S, Inoue Y, Utsunomiya A, Moriuchi Y, Uchimaru K, Choi I, et al.
Pretransplantation Anti-CCR4 antibody mogamulizumab against adult
T-cell leukemia/lymphoma is associated with significantly increased risks
of severe and corticosteroid-refractory graft-versus-host disease, nonrelapse
mortality, and overall mortality. ] Clin Oncol (2016) 34:3426-33. d0i:10.1200/
JCO.2016.67.8250

Sugio T, Kato K, Aoki T, Ohta T, Saito N, Yoshida S, et al. Mogamulizumab
treatment prior to allogeneic hematopoietic stem cell transplantation induces
severe acute graft-versus-host disease. Biol Blood Marrow Transplant (2016)
22:1608-14. doi:10.1016/j.bbmt.2016.05.017

Salhany KE, Macon WR, Choi JK, Elenitsas R, Lessin SR, Felgar RE,
et al. Subcutaneous panniculitis-like T-cell lymphoma: clinicopathologic,
immunophenotypic, and genotypic analysis of alpha/beta and gamma/
delta subtypes. Am ] Surg Pathol (1998) 22:881-93. doi:10.1097/00000478-
199807000-00010

Massone C, Chott A, Metze D, Kerl K, Citarella L, Vale E, et al. Subcutaneous,
blastic natural killer (NK), NK/T-cell, and other cytotoxic lymphomas of the
skin: a morphologic, immunophenotypic, and molecular study of 50 patients.
Am J Surg Pathol (2004) 28:719-35. d0i:10.1097/01.pas.0000126719.71954.4f
LeBlanc RE, Tavallace M, Kim YH, Kim J. Useful parameters for distin-
guishing subcutaneous panniculitis-like T-cell lymphoma from lupus
erythematosus panniculitis. Am ] Surg Pathol (2016) 40:745-54. d0i:10.1097/
PAS.0000000000000596

Willemze R. Cutaneous lymphomas with a panniculitic presentation. Semin
Diagn Pathol (2017) 34:36-43. doi:10.1053/j.semdp.2016.11.009

Willemze R, Jansen PM, Cerroni L, Berti E, Santucci M, Assaf C, et al.
Subcutaneous panniculitis-like T-cell lymphoma: definition, classification,
and prognostic factors: an EORTC Cutaneous Lymphoma Group Study of
83 cases. Blood (2008) 111:838-45. doi:10.1182/blood-2007-04-087288
Massone C, Kodama K, Salmhofer W, Abe R, Shimizu H, Parodi A, et al.
Lupus erythematosus panniculitis (lupus profundus): clinical, histopatholog-
ical, and molecular analysis of nine cases. ] Cutan Pathol (2005) 32:396-404.
doi:10.1111/j.0303-6987.2005.00351.x

Liau JY, Chuang SS, Chu CY, Ku WH, Tsai JH, Shih TE The presence of
clusters of plasmacytoid dendritic cells is a helpful feature for differentiating
lupus panniculitis from subcutaneous panniculitis-like T-cell lymphoma.
Histopathology (2013) 62:1057-66. doi:10.1111/his.12105

Honda Y, Otsuka A, Nonomura Y, Kaku Y, Dainichi T, Miyachi Y, et al. CCR5
and CXCR3 expression in a case of subcutaneous panniculitis-like T-cell
lymphoma. J Eur Acad Dermatol Venereol (2016) 30:1413-5. doi:10.1111/
jdv.13258

Kitayama N, Otsuka A, Honda Y, Matsumura Y, Honda T, Kabashima K.
CCR4 and CCR5 expression in a case of subcutaneous panniculitis-like T-cell
lymphoma. Eur ] Dermatol (2017) 27:414-5. d0i:10.1684/ejd.2017.3016
Guenova E, Schanz S, Hoetzenecker W, DeSimone JA, Mehra T, Voykov B,
et al. Systemic corticosteroids for subcutaneous panniculitis-like T-cell
lymphoma. Br ] Dermatol (2014) 171:891-4. doi:10.1111/bjd.13053
Rojnuckarin P, Nakorn TN, Assanasen T, Wannakrairot P, Intragumtornchai T.
Cyclosporin in subcutaneous panniculitis-like T-cell lymphoma. Leuk
Lymphoma (2007) 48:560-3. doi:10.1080/10428190601078456

Frontiers in Oncology | www.frontiersin.org

June 2018 | Volume 8 | Article 198


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1111/1346-8138.12328
https://doi.org/10.1182/blood.V98.4.1150
https://doi.org/10.1182/blood.V98.4.1150
https://doi.org/10.1158/1078-0432.CCR-04-0491
https://doi.org/10.1111/j.1365-2141.2004.04999.x
https://doi.org/10.1111/j.1349-7006.2005.00080.x
https://doi.org/10.1111/j.1349-7006.2007.00646.x
https://doi.org/10.1016/j.jaci.2008.10.031
https://doi.org/10.1158/1078-0432.CCR-12-0292
https://doi.org/10.4049/jimmunol.181.12.8504
https://doi.org/10.4049/jimmunol.181.12.8504
https://doi.org/10.1016/j.clim.2013.03.013
https://doi.org/10.1111/j.
1365-4632.2008.03707.x
https://doi.org/10.1111/j.
1365-4632.2008.03707.x
https://doi.org/10.1038/leu.2008.272
https://doi.org/10.1002/ijc.23042
https://doi.org/10.1038/nature18294
https://doi.org/10.1200/JCO.2011.37.3472
https://doi.org/10.1111/bjh.14634
https://doi.org/10.2340/00015555-2421
https://doi.org/10.1111/cas.12116
https://doi.org/10.1111/1346-8138.12419
https://doi.org/10.1200/JCO.2016.67.8250
https://doi.org/10.1200/JCO.2016.67.8250
https://doi.org/10.1016/j.bbmt.2016.05.017
https://doi.org/10.1097/00000478-
199807000-00010
https://doi.org/10.1097/00000478-
199807000-00010
https://doi.org/10.1097/01.pas.0000126719.71954.4f
https://doi.org/10.1097/PAS.0000000000000596
https://doi.org/10.1097/PAS.0000000000000596
https://doi.org/10.1053/j.semdp.2016.11.009
https://doi.org/10.1182/blood-2007-04-087288
https://doi.org/10.1111/j.0303-6987.2005.00351.x
https://doi.org/10.1111/his.12105
https://doi.org/10.1111/jdv.13258
https://doi.org/10.1111/jdv.13258
https://doi.org/10.1684/ejd.2017.3016
https://doi.org/10.1111/bjd.13053
https://doi.org/10.1080/10428190601078456

Fujii

Cutaneous T-Cell Lymphoma

201.

202.

203.

204.

205.

206.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Mizutani S, Kuroda J, Shimura Y, Kobayashi T, Tsutsumi Y, Yamashita M,
et al. Cyclosporine A for chemotherapy-resistant subcutaneous panniculi-
tis-like T cell lymphoma with hemophagocytic syndrome. Acta Haematol
(2011) 126:8-12. doi:10.1159/000323565

Mehta N, Wayne AS, Kim YH, Hale GA, Alvarado CS, Myskowski P, et al.
Bexarotene is active against subcutaneous panniculitis-like T-cell lymphoma
in adult and pediatric populations. Clin Lymphoma Myeloma Leuk (2012)
12:20-5. doi:10.1016/j.clm1.2011.06.016

Toro JR, Liewehr DJ, Pabby N, Sorbara L, Raffeld M, Steinberg SM, et al.
Gamma-delta T-cell phenotype is associated with significantly decreased
survival in cutaneous T-cell lymphoma. Blood (2003) 101:3407-12.
doi:10.1182/blood-2002-05-1597

Guitart J, Weisenburger DD, Subtil A, Kim E, Wood G, Duvic M, et al.
Cutaneous gammadelta T-cell lymphomas: a spectrum of presentations
with overlap with other cytotoxic lymphomas. Am ] Surg Pathol (2012)
36:1656-65. doi:10.1097/PAS.0b013e31826a5038

Przybylski GK, Wu H, Macon WR, Finan ], Leonard DG, Felgar RE, et al.
Hepatosplenic and subcutaneous panniculitis-like gamma/delta T cell
lymphomas are derived from different Vdelta subsets of gamma/delta T lym-
phocytes. ] Mol Diagn (2000) 2:11-9. doi:10.1016/S1525-1578(10)60610-1
Tripodo C, Iannitto E, Florena AM, Pucillo CE, Piccaluga PP, Franco V,
et al. Gamma-delta T-cell lymphomas. Nat Rev Clin Oncol (2009) 6:707-17.
doi:10.1038/nrclinonc.2009.169

. Arnulf B, Copie-Bergman C, Delfau-Larue MH, Lavergne-Slove A, Bosq J,

Wechsler J, et al. Nonhepatosplenic gammadelta T-cell lymphoma: a subset
of cytotoxic lymphomas with mucosal or skin localization. Blood (1998)
91:1723-31.

Toro JR, Beaty M, Sorbara L, Turner ML, White ], Kingma DW, et al. Gamma
delta T-cell lymphoma of the skin: a clinical, microscopic, and molecular
study. Arch Dermatol (2000) 136:1024-32. doi:10.1001/archderm.136.8.1024
Koens L, Senff NJ, Vermeer MH, Ronday HK, Willemze R, Jansen PM.
Cutaneous gamma/delta T-cell lymphoma during treatment with etanercept
for rheumatoid arthritis. Acta Derm Venereol (2009) 89:653-4. doi:10.2340/
00015555-0728

Alaibac M, Berti E, Pigozzi B, Chiarion V, Aversa S, Marino F, et al. High-dose
chemotherapy with autologous blood stem cell transplantation for aggressive
subcutaneous panniculitis-like T-cell lymphoma. ] Am Acad Dermatol (2005)
52(5 Suppl 1):5121-3. doi:10.1016/j.jaad.2004.05.042

Gibson JE, Alpdogan O, Subtil A, Girardi M, Wilson LD, Roberts K, et al.
Hematopoietic stem cell transplantation for primary cutaneous gammadelta
T-cell lymphoma and refractory subcutaneous panniculitis-like T-cell
lymphoma. ] Am Acad Dermatol (2015) 72:1010.e-5.e. doi:10.1016/j.jaad.
2015.01.003

Beltraminelli H, Leinweber B, Kerl H, Cerroni L. Primary cutaneous CD4+
small-/medium-sized pleomorphic T-cell lymphoma: a cutaneous nodular
proliferation of pleomorphic T lymphocytes of undetermined significance?
A study of 136 cases. Am ] Dermatopathol (2009) 31:317-22. doi:10.1097/
DAD.0b013e31819f19bb

Baum CL, Link BK, Neppalli VT, Swick BL, Liu V. Reappraisal of the provi-
sional entity primary cutaneous CD4+ small/medium pleomorphic T-cell
lymphoma: a series of 10 adult and pediatric patients and review of the liter-
ature. ] Am Acad Dermatol (2011) 65:739-48. doi:10.1016/j.jaad.2010.07.028
Grogg KL, Jung S, Erickson LA, McClure RE, Dogan A. Primary cutaneous
CD4-positive small/medium-sized pleomorphic T-cell lymphoma: a clonal
T-cell lymphoproliferative disorder with indolent behavior. Mod Pathol
(2008) 21:708-15. doi:10.1038/modpathol.2008.40

Rodriguez Pinilla SM, Roncador G, Rodriguez-Peralto JL, Mollejo M, Garcia JE
Montes-Moreno S, et al. Primary cutaneous CD4+ small/medium-sized
pleomorphic T-cell lymphoma expresses follicular T-cell markers. Am ] Surg
Pathol (2009) 33:81-90. doi:10.1097/PAS.0b013e31818e52fe

Cetinozman E Jansen PM, Willemze R. Expression of programmed death-1
in primary cutaneous CD4-positive small/medium-sized pleomorphic T-cell
lymphoma, cutaneous pseudo-T-cell lymphoma, and other types of cuta-
neous T-cell lymphoma. Am ] Surg Pathol (2012) 36:109-16. doi:10.1097/
PAS.0b013e318230d{87

Rijlaarsdam JU, Willemze R. Cutaneous pseudolymphomas: classification
and differential diagnosis. Semin Dermatol (1994) 13:187-96.

Bakels V, van Oostveen JW, van der Putte SC, Meijer CJ, Willemze R.
Immunophenotyping and gene rearrangement analysis provide additional

219.

220.

222.

223.

224.

225.

226.

227.

228.

229.

230.

232.

233.

234.

criteria to differentiate between cutaneous T-cell lymphomas and pseudo-
T-cell lymphomas. Am J Pathol (1997) 150:1941-9.

Magro CM, Momtahen S. Differential NFATcl expression in primary
cutaneous CD4+ small/medium-sized pleomorphic T-cell lymphoma and
other forms of cutaneous T-cell lymphoma and pseudolymphoma. Am
J Dermatopathol (2017) 39:95-103. doi:10.1097/DAD.0000000000000597
Garcia-Herrera A, Colomo L, Camos M, Carreras J, Balague O, Martinez A,
et al. Primary cutaneous small/medium CD4+ T-cell lymphomas: a hetero-
geneous group of tumors with different clinicopathologic features and
outcome. ] Clin Oncol (2008) 26:3364-71. doi:10.1200/JC0.2008.16.1307

. Williams VL, Torres-Cabala CA, Duvic M. Primary cutaneous small- to

medium-sized CD4+ pleomorphic T-cell lymphoma: a retrospective case
series and review of the provisional cutaneous lymphoma category. Am J Clin
Dermatol (2011) 12:389-401. doi:10.2165/11590390-000000000-00000
Goldgeier MH, Nordlund JJ, Lucky AW, Sibrack LA, McCarthy MJ, McGuire J.
Hydroa vacciniforme: diagnosis and therapy. Arch Dermatol (1982)
118:588-91. doi:10.1001/archderm.118.8.588

Oono T, Arata ], Masuda T, Ohtsuki Y. Coexistence of hydroa vacciniforme
and malignant lymphoma. Arch Dermatol (1986) 122:1306-9. doi:10.1001/
archderm.122.11.1306

Quintanilla-Martinez L, Ridaura C, Nagl F, Saez-de-Ocariz M, Duran-
McKinster C, Ruiz-Maldonado R, et al. Hydroa vacciniforme-like lym-
phoma: a chronic EBV+ lymphoproliferative disorder with risk to develop
a systemic lymphoma. Blood (2013) 122:3101-10. doi:10.1182/blood-2013-
05-502203

Cho KH, Kim CW, Heo DS, Lee DS, Choi WW, Rim JH, et al. Epstein-
Barr virus-associated peripheral T-cell lymphoma in adults with
hydroa vacciniforme-like lesions. Clin Exp Dermatol (2001) 26:242-7.
doi:10.1046/j.1365-2230.2001.00805.x

Magana M, Sangueza P, Gil-Beristain J, Sanchez-Sosa S, Salgado A, Ramon G,
et al. Angiocentric cutaneous T-cell lymphoma of childhood (hydroa-like
lymphoma): a distinctive type of cutaneous T-cell lymphoma. ] Am Acad
Dermatol (1998) 38:574-9. d0i:10.1016/S0190-9622(98)70120-3

Iwatsuki K, Xu Z, Takata M, Iguchi M, Ohtsuka M, Akiba H, et al. The
association of latent Epstein-Barr virus infection with hydroa vacciniforme.
Br ] Dermatol (1999) 140:715-21. doi:10.1046/j.1365-2133.1999.02777.x
Barrionuevo C, Anderson VM, Zevallos-Giampietri E, Zaharia M, Misad O,
Bravo E et al. Hydroa-like cutaneous T-cell lymphoma: a clinicopathologic and
molecular genetic study of 16 pediatric cases from Peru. Appl Immunohistochem
Mol Morphol (2002) 10:7-14. doi:10.1097/00129039-200203000-00002
Kawa K, Okamura T, Yagi K, Takeuchi M, Nakayama M, Inoue M. Mosquito
allergy and Epstein-Barr virus-associated T/natural killer-cell lymphopro-
liferative disease. Blood (2001) 98:3173-4. doi:10.1182/blood.V98.10.3173
Iwatsuki K, Satoh M, Yamamoto T, Oono T, Morizane S, Ohtsuka M, et al.
Pathogenic link between hydroa vacciniforme and Epstein-Barr virus-
associated hematologic disorders. Arch Dermatol (2006) 142:587-95.
doi:10.1001/archderm.142.5.587

. Wu YH, Chen HC, Hsiao PE Tu MI, Lin YC, Wang TY. Hydroa

vacciniforme-like Epstein-Barr virus-associated monoclonal T-
lymphoproliferative disorder in a child. Int ] Dermatol (2007) 46:1081-6.
doi:10.1111/j.1365-4632.2007.03102.x

Tokura Y, Tamura Y, Takigawa M, Koide M, Satoh T, Sakamoto T, et al.
Severe hypersensitivity to mosquito bites associated with natural killer
cell lymphocytosis. Arch Dermatol (1990) 126:362-8. doi:10.1001/
archderm.126.3.362

Kimura H, Ito Y, Kawabe S, Gotoh K, Takahashi Y, Kojima S, et al. EBV-
associated T/NK-cell lymphoproliferative diseases in nonimmunocompro-
mised hosts: prospective analysis of 108 cases. Blood (2012) 119:673-86.
doi:10.1182/blood-2011-10-381921

Quintanilla-Martinez L, Ko YH, Kimura H, Jaffe ES. EBV-positive T-cell and
NK-cell lymphoproliferative diseases of childhood. In: Swerdlow SH, Campo E,
Harris NL, Jaffe ES, Pileri SA, Stein H, et al. editors. WHO Classification
of Tumours of Haematopoietic and Lymphoid Tissues. Lyon: International
Agency for Research on Cancer (2017). p. 355-63.

. Kempf W, Kazakov DV, Cozzio A, Kamarashev ], Kerl K, Plaza T, et al.

Primary cutaneous CD8(+) small- to medium-sized lymphoproliferative
disorder in extrafacial sites: clinicopathologic features and concept on
their classification. Am ] Dermatopathol (2013) 35:159-66. doi:10.1097/
DAD.0b013e31825c3a33

Frontiers in Oncology | www.frontiersin.org

June 2018 | Volume 8 | Article 198


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1159/000323565
https://doi.org/10.1016/j.clml.2011.06.016
https://doi.org/10.1182/blood-2002-05-1597
https://doi.org/10.1097/PAS.0b013e31826a5038
https://doi.org/10.1016/S1525-1578(10)60610-1
https://doi.org/10.1038/nrclinonc.2009.169
https://doi.org/10.1001/archderm.136.8.1024
https://doi.org/10.2340/
00015555-0728
https://doi.org/10.2340/
00015555-0728
https://doi.org/10.1016/j.jaad.2004.05.042
https://doi.org/10.1016/j.jaad.
2015.01.003
https://doi.org/10.1016/j.jaad.
2015.01.003
https://doi.org/10.1097/DAD.0b013e31819f19bb
https://doi.org/10.1097/DAD.0b013e31819f19bb
https://doi.org/10.1016/j.jaad.2010.07.028
https://doi.org/10.1038/modpathol.2008.40
https://doi.org/10.1097/PAS.0b013e31818e52fe
https://doi.org/10.1097/PAS.0b013e318230df87
https://doi.org/10.1097/PAS.0b013e318230df87
https://doi.org/10.1097/DAD.0000000000000597
https://doi.org/10.1200/JCO.2008.16.1307
https://doi.org/10.2165/11590390-000000000-00000
https://doi.org/10.1001/archderm.118.8.588
https://doi.org/10.1001/archderm.122.11.1306
https://doi.org/10.1001/archderm.122.11.1306
https://doi.org/10.1182/blood-2013-
05-502203
https://doi.org/10.1182/blood-2013-
05-502203
https://doi.org/10.1046/j.1365-2230.2001.00805.x
https://doi.org/10.1016/S0190-9622(98)70120-3
https://doi.org/10.1046/j.1365-2133.1999.02777.x
https://doi.org/10.1097/00129039-200203000-00002
https://doi.org/10.1182/blood.V98.10.3173
https://doi.org/10.1001/archderm.142.5.587
https://doi.org/10.1111/j.1365-4632.2007.03102.x
https://doi.org/10.1001/archderm.126.3.362
https://doi.org/10.1001/archderm.126.3.362
https://doi.org/10.1182/blood-2011-10-381921
https://doi.org/10.1097/DAD.0b013e31825c3a33
https://doi.org/10.1097/DAD.0b013e31825c3a33

Fujii

Cutaneous T-Cell Lymphoma

236.

237.

238.

239.

240.

241.

Greenblatt D, Ally M, Child E Scarisbrick J, Whittaker S, Morris S, et al.
Indolent CD8(+) lymphoid proliferation of acral sites: a clinicopathologic
study of six patients with some atypical features. ] Cutan Pathol (2013)
40:248-58. doi:10.1111/cup.12045

Hathuc VM, Hristov AC, Smith LB. Primary cutaneous acral CD8(+)
T-cell lymphoma. Arch Pathol Lab Med (2017) 141:1469-75. doi:10.5858/
arpa.2017-0230-RA

KlukJ, Kai A, Koch D, Taibjee SM, O’Connor S, Persic M, et al. Indolent CD8-
positive lymphoid proliferation of acral sites: three further cases of a rare
entity and an update on a unique patient. ] Cutan Pathol (2016) 43:125-36.
doi:10.1111/cup.12633

Berti E, Tomasini D, Vermeer MH, Meijer CJ, Alessi E, Willemze R. Primary
cutaneous CD8-positive epidermotropic cytotoxic T cell lymphomas.
A distinct clinicopathological entity with an aggressive clinical behavior.
Am ] Pathol (1999) 155:483-92. doi:10.1016/S0002-9440(10)65144-9

Nofal A, Abdel-Mawla MY, Assaf M, Salah E. Primary cutaneous aggressive
epidermotropic CD8+ T-cell lymphoma: proposed diagnostic criteria and
therapeutic evaluation. ] Am Acad Dermatol (2012) 67:748-59. doi:10.1016/j.
jaad.2011.07.043

Robson A, Assaf C, Bagot M, Burg G, Calonje E, Castillo C, et al. Aggressive
epidermotropic cutaneous CD8+ lymphoma: a cutaneous lymphoma with
distinct clinical and pathological features. Report of an EORTC cutaneous

242.

243.

lymphoma task force workshop. Histopathology (2015) 67:425-41. doi:10.1111/
his.12371

Guitart J, Martinez-Escala ME, Subtil A, Duvic M, Pulitzer MP, Olsen EA,
et al. Primary cutaneous aggressive epidermotropic cytotoxic T-cell
lymphomas: reappraisal of a provisional entity in the 2016 WHO classifica-
tion of cutaneous lymphomas. Mod Pathol (2017) 30:761-72. doi:10.1038/
modpathol.2016.240

Liu V, Cutler CS, Young AZ. Case records of the Massachusetts general
hospital. Case 38-2007. A 44-year-old woman with generalized, painful,
ulcerated skin lesions. N Engl ] Med (2007) 357:2496-505. doi:10.1056/
NEJMcpc0706687

Conflict of Interest Statement: The author declares that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Fujii. 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) and the
copyright owner 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 Oncology | www.frontiersin.org

28

June 2018 | Volume 8 | Article 198


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1111/cup.12045
https://doi.org/10.5858/arpa.2017-0230-RA
https://doi.org/10.5858/arpa.2017-0230-RA
https://doi.org/10.1111/cup.12633
https://doi.org/10.1016/S0002-9440(10)65144-9
https://doi.org/10.1016/j.jaad.2011.07.043
https://doi.org/10.1016/j.jaad.2011.07.043
https://doi.org/10.1111/
his.12371
https://doi.org/10.1111/
his.12371
https://doi.org/10.1038/modpathol.2016.240
https://doi.org/10.1038/modpathol.2016.240
https://doi.org/10.1056/NEJMcpc0706687
https://doi.org/10.1056/NEJMcpc0706687
https://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Oncology

REVIEW
published: 29 May 2018
doi: 10.3389/fonc.2018.00178

OPEN ACCESS

Edited by:
Atsushi Otsuka,
Kyoto University, Japan

Reviewed by:

Daniel Olive,

Aix Marseille Université, France
Yasuhiro Nakamura,

Saitama Medical University
International Medical Center,
Japan

*Correspondence:
Phil F. Cheng
phil.cheng@usz.ch

Specialty section:

This article was submitted to
Cancer Immunity and
Immunotherapy,

a section of the journal
Frontiers in Oncology

Received: 02 March 2018
Accepted: 08 May 2018
Published: 29 May 2018

Citation:

Hogan SA, Levesque MP and
Cheng PF (2018) Melanoma
Immunotherapy:
Next-Generation Biomarkers.
Front. Oncol. 8:178.

doi: 10.3389/fonc.2018.00178

®

Check for
updates

Melanoma Immunotherapy:
Next-Generation Biomarkers

Sabrina A. Hogan'?, Mitchell P. Levesque’? and Phil F. Cheng’?*

" Department of Dermatology, UniversitdtsSpital Zirich, Gloriastrasse, Zurich, Switzerland, ? Faculty of Mediicine,
Universitat Zirich, Zirich, Switzerland

The recent emergence of cancer immunotherapies initiated a significant shift in the clinical
management of metastatic melanoma. Prior to 2011, melanoma patients only had palli-
ative treatment solutions which offered little to no survival benefit. In 2018, with immuno-
therapy, melanoma patients can now contemplate durable or even complete remission.
Treatment with novel immune checkpoint inhibitors, anti-cytotoxic T-lymphocyte protein
4 and anti-programmed cell death protein 1, clearly result in superior median and long-
term survivals compared to standard chemotherapy; however, more than half of the
patients do not respond to immune checkpoint blockade. Currently, clinicians do not
have any effective way to stratify melanoma patients for immunotherapies. Research
is now focusing on identifying biomarkers which could predict a patient’s response
prior treatment initiation (or very early during treatment course), in order to maximize
therapeutic efficacy, avoid unnecessary costs, and undesirable heavy side effects for
the patient. Given the rapid developments in this field and the translational potential
for some of the biomarkers, we will summarize the current state of biomarker research
for immunotherapy in melanoma, with an emphasis on omics technologies such as
next-generation sequencing and mass cytometry (CyTOF).

Keywords: melanoma, immunotherapy, biomarkers, next-generation sequencing, review literature as topic

Immunotherapy has revolutionized the management of metastatic melanoma. Prior to 2011, the
median survival for metastatic melanoma was 9 months, compared to greater than 18 months in
2017 (1). Patients now benefit from novel immune checkpoint inhibitors (ICls), anti-cytotoxic
T-lymphocyte protein 4 (CTLA-4) and anti-programmed cell death protein 1 (PD-1). From the
latest survival data of the Checkmate 067 trial, progression-free survival (PFS) for ipilimumab is
2.9 months, for nivolumab 6.9 months, and for the combination of nivolumab and ipilimumab
11.5 months. Overall survival (OS) of the ipilimumab group was 19.9 and 37.6 months for the
nivolumab group. Median OS was not reached in the combination nivolumab and ipilimumab group
with a minimum follow-up time of 36 months (2-6). Although OS is extended, not all patients
benefit from immunotherapy. Response rates for ipilimumab range from 11% to 19% (4, 5) and
for pembrolizumab or nivolumab from 33% to 44% (2, 6, 7). These new ICIs clearly show superior
median and long-term survivals compared to standard chemotherapy; however, more than half
of the patients do not respond to immune checkpoint blockade. Currently, there are no clinically
approved biomarkers to aid in patient selection in melanoma. In this review, we seek to delineate the
current state of biomarker research for immunotherapy in melanoma, with an emphasis on omics
technologies such as next-generation sequencing (NGS) and mass cytometry (CyTOF). Given the
urgent clinical need for such biomarkers, we decided to focus on human studies only, which we think
are more clinically relevant.
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IMMUNE CHECKPOINTS

CTLA-4 and PD-1 are two immune checkpoints regulating
immune homeostasis. CTLA-4 is a negative regulator of T-cell
priming that acts to control naive T-cell activation by competing
with the co-stimulatory molecule CD28 for binding to shared
ligands CD80 and CD86 on antigen-presenting cells (APCs) in
the lymph node (8). Ipilimumab, a monoclonal antibody against
CTLA-4, was the first agent approved for the treatment of unre-
sectable or metastatic melanoma that showed an OS benefitin a
randomized phase Il trial (4). PD-1isaT-cell exhaustion marker
which is upregulated by T-cells upon activation during priming
or expansion and binds to one of two ligands: programmed cell
death 1-ligand 1 (PD-L1) and -ligand 2 (PD-L2) (9-11). Pem-
brolizumab and nivolumab are monoclonal antibodies against
PD-1 that have both shown OS benefit in randomized phase III
trials and are approved for the treatment of metastatic mela-
noma (2, 7). Furthermore, nivolumab and pembrolizumab have
both improved OS compared with ipilimumab in metastatic
melanoma patients that are naive to both agents. Combination
therapy with ipilimumab and nivolumab has demonstrated
additional clinical activity with objective response rates ranging
from 50% to 60% and improved OS compared to ipilimumab
alone. Although ipilimumab, nivolumab, and pembrolizumab
have significantly improved the survival of melanoma patients,
there are major toxicities associated with the use of these drugs
[reviewed in Ref. (12)]. Grade 3 and higher adverse events are
seen in about 20% of patients treated with ipilimumab, in 15% of
patients treated with nivolumab, and in 50% of patients treated
with the combination of both drugs (6). As these therapies
result in objective responses for only a subset of patients, there
is a crucial need to identify biomarkers that can potentially
predict the efficacy of anti-CTLA-4 or anti-PD-1 treatment
or identify a specific subset of patients who may benefit from
immunotherapy. A summary of current potential biomarkers
for immunotherapies in metastatic melanoma patients is listed
in Figure 1.

CLINICAL BIOMARKERS

Approved markers for melanoma monitoring have not sub-
stantially evolved over the past decade. Clinicians have mainly
used the TNM staging system as a diagnostic and prognostic
indicator. In 2009, lactate dehydrogenase (LDH) was shown
to be an independent predictor of survival in melanoma and
was therefore added to the AJCC guidelines (13). Accelerated
metabolism in cancer cells requires increased glycolysis that cre-
ates a high amount of LDH as a byproduct, which is therefore a
robust proxy to assess tumor burden (14). It is the only accepted
serum biomarker with prognostic value for OS in melanoma (15).
In the context of immunotherapies, elevated LDH is a negative
prognostic marker for patients treated with ipilimumab (16) and
with pembrolizumab (17, 18). However, subgroup analysis of
anti-PD-1 treated cohorts recently pointed out that LDH level is
not correlated with the duration of response (KEYNOTE-006).
Indeed, once patients show response to the treatment, the LDH
level is not associated with the duration of the remission period.

As described by Diem et al. in a study specifically assessing the
role of LDH as a marker for anti-PD-1 therapy, LDH is never-
theless a useful marker to monitor disease progression and help
treatment decisions (19).

Another well-known marker to monitor melanoma is S100,
which is a good indicator of advanced clinical disease stage (20).
S100 was shown to be predictive of response to anti-CTLA-4
(16). However, similar to LDH, S100 seems to mainly be a proxy
of disease stage, able to highlight very ill patients who are more
unlikely to respond to the treatment due to the high tumor
burden of the disease, but not actually able to predict response
to immunotherapies. The same is true for the number of organs
involved, which was another potential marker, proposed by Diem
et al,, to stratify patients prior to anti-CTLA-4 therapy (21).

C-reactive protein (CRP) was described as a negative prog-
nostic factor for anti-CTLA-4 treatment (22). Unlike LDH and
S100, CRP is directly related to immune response. However, it is a
general marker of inflammation and is not specific to melanoma,
ergo, an increase in CRP levels may also be the result of any other
ongoing infection (23). For anti-PD-1 therapy, intra-tumoral
PD-L1 expression, evaluated by immunohistochemistry, has been
assessed as a predictive biomarker. The results have been incon-
clusive due to a lack of standards for PD-L1 “positivity”. Different
antibodies and different evaluation criteria have been used for
PD-L1 expression in clinical trials. Some studies have used a >5%
cutoff (Checkmate-066 and Checkmate-067), whereas others have
used >1% cutoff (KEYNOTE-006). In the Checkmate-066 trial,
both PD-L1 negative and positive patients had better outcomes
than chemotherapy-treated patients, suggesting that PD-L1
status was not a relevant stratification marker (2). More research
will be needed to standardize the assessment of PD-L1 expression
for it to become a biomarker for anti-PD-1 therapy in melanoma.
Blood markers which hold the most potential toward predicting
response to immunotherapies are immune cell populations.
Indeed, they are either themselves part of or directly influencing
the immune response against the tumor. The different findings
related to blood cytology as a biomarker for immunotherapy in
melanoma are summarized in Figure 1. Briefly, for anti-CTLA-4
treatment, absolute neutrophil count, absolute lymphocyte count,
neutrophil to lymphocyte ratio, absolute eosinophil count, relative
lymphocyte count (RLC), absolute monocyte count, antibodies
against NY-ESO1, T-regulatory cell count, and myeloid-derived
suppressor cell (MDSC) count have been described as predic-
tive biomarkers. In anti-PD-1-treated patients, RLC, relative
eosinophil count (REC), and MDSC count seem to hold some
predictive potential prior to treatment initiation. In addition,
increased serum levels of TGFp and increased frequency of
Th9 cells in the peripheral blood were detected in responders to
nivolumab prior to therapy initiation (24). Unfortunately, most
of the studies were performed on small cohorts and the results
have not been verified in larger prospective trials (25). Although
guidelines have been published about how to best perform bio-
marker studies (26), most research groups have different evalu-
ation criteria. In this review, we sought to document the most
relevant biomarkers associated with immunotherapy outcome in
melanoma patients. For a systematic review of clinical biomarkers,
see Ref. (18).
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FIGURE 1 | Summary of the biomarker studies performed on peripheral blood and tumor on anti-CTLA4 and anti-PD1 treatment.
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BIOMARKERS FROM NEXT-GENERATION
SEQUENCING

Whole exome (WES) and RNA sequencing (RNAseq) are power-
ful tools for evaluating the genomic landscape of a tumor. WES
only captures the exonic gene regions, so it enriches for muta-
tions in coding regions, while RNAseq can provide the entire
transcriptome of a sample and is useful for establishing gene
signatures for specific cohorts within a patient group. In terms of
immunotherapy, WES has been useful in determining mutational
load and discovering neoantigens in melanoma tumors (27).
Melanoma has one of the highest mutation rates of all cancers
(28-30) and has a high probability for neoantigen generation.
Neoantigens are the result of somatic mutations which translate
into a mutated protein that is detected and presented by APCs.
Neoantigens are an attractive target for immunotherapy as they
are only expressed by the tumor and not by the normal tissue.
Many studies have utilized WES and RNAseq to evaluate the
mutation profile and gene expression changes in patients treated
with anti-CTLA-4 and anti-PD-1, with the aim to find biomark-
ers to predict response.

Snyder et al. performed WES on 64 patients treated with anti-
CTLA-4 (31). This study was the first to associate mutational bur-
den to clinical benefit and they also defined a neoantigen signature
associated with clinical benefit. They concluded that, although
patients with high mutation burden are more likely to respond to
anti-CTLA-4, the types of neoantigen the patient expresses will
ultimately determine their response. Van Allen et al. performed
WES on 110 patients and RNAseq on 40 patients treated with
anti-CTLA-4 (32). They could confirm that mutational load
is associated with clinical benefit to anti-CTLA-4 treatment.
Neoantigen load was also measured and this parameter was also
significantly associated with response; however, they could not
detect the neoantigen signature seen in the study performed by
Snyder and colleagues. They concluded that clinically beneficial
neoantigens are most likely private events (specific to each
individual) and recurrent neoantigens (consistent in the general
population) are quite rare. Van Allen and colleagues also analyzed
the transcriptome in a subset of these patients and found that
expression of cytolytic markers, such as granzyme A and perforin,
were beneficial for response. Expression of CTLA-4 and PD-L2
was also associated with clinical benefit. Riaz et al. performed
WES on 174 patients treated with anti-CTLA-4 therapy (33).
They discovered 48 patients with mutations in SERPINB3 or
SERPIN4 and observed that those patients were more likely to
be responders. Patients with SERPINB3 or SERPINB4 mutations
also had higher mutational loads. Friedlander et al. performed a
quantitative polymerase chain reaction (PCR) study on periph-
eral blood from 360 patients receiving anti-CTLA-4 therapy (34).
From a panel of 169 genes, they established a 15 gene signature
that was predictive and prognostic for response and 1-year OS
to anti-CTLA-4 treatment. The 15 genes are ITGA4, LARGE,
CDK2, TIMP1, DPP4, NRAS, ERBB2, NAB2, ADAM17, RHOC,
TGFB1, CDKN2A, HLADRA, MYC, and ICOS.

In order to elucidate resistance mechanisms and biomarkers
of response to treatment, Hugo et al. used WES (38 patients)
and RNAseq (28 patients) on a set of melanoma patients treated

with anti-PD-1 (35). Mutational load did not have a significant
association to response to anti-PD-1 therapy and neoantigen load
was not significantly correlated with response either. Nonetheless,
mutational load was associated with OS suggesting that other fac-
tors influence response to anti-PD-1 and survival. BRCA2 muta-
tions occurred in 30% of the responders to anti-PD-1. RNAseq
analysis uncovered a co-enrichment of 26 gene signatures in 9 of
the 13 non-responding patients, which the authors termed innate
anti-PD-1 resistance (IPRES) signature. They validated the IPRES
signature on three other datasets and found over-representation
in anti-PD-1 non-responding samples.

In a small study of four patients treated with anti-PD-1, Zaretsky
etal. used WES on patients that developed new lesions under anti-
PD-1 therapy. They discovered that the progressive tumorsacquired
JAK1, JAK2, or B2M loss of function mutations. JAK1 and JAK2
mutations cause insensitivity to interferon gamma-induced arrest
and B2M mutations led to aloss of MHC class 1 expression (36). In
a follow-up study, Shin et al. performed WES on 23 patients before
anti-PD-1 treatment (37). In their cohort, mutational load had no
association to response and one of the non-responders had aloss of
function mutation in JAK1. This study confirms the role of JAK1 as
a marker for innate and adaptive resistance to anti-PD-1, although
it might be a rare occurrence.

Roh et al. performed WES on sequential biopsies of patients
treated with anti-CTLA-4 and then anti-PD-1. Thirty patients
had WES at baseline, 3 on anti-CTLA-4 treatment, 25 at anti-
CTLA-4 progression, 18 on anti-PD-1 treatment, and 12 at
anti-PD-1 progression. Overall, they found that mutation burden
was not associated with response, but high copy number loss was
associated with poor response (38). In the regions with recurrent
copy number loss, PTEN was one of the notable tumor suppressor
genes suggesting that it could be a driver of resistance mechanisms
to immunotherapy. Another study also observed that PTEN loss
was associated with resistance to anti-CTLA-4 therapy (39).

Johnson et al. performed targeted panel sequencing on
65 patients treated with anti-PD-1 therapy. In their cohort,
mutational load was associated with response to anti-PD-1 and
patients with high mutational load (>23.1 mutations/MB) had
longer PES and OS compared to the intermediate mutational
load group (3.3-23.1 mutations/MB) and the low mutation
load (<3.3 mutations/MB) group. They observed more frequent
BRCA2 mutations in responders than in non-responders (5/32
vs. 2/33). LRP1B mutations were significantly enriched in the
responder group (11/32) compared to the non-responder group
(1/33). LRP1B mutated patients also had a higher mutational load
compared to LRP1B wild-type patients.

Riaz et al. performed WES on 68 patients treated with anti-
PD-1 that had previously progressed on anti-CTLA-4 therapy (35
patients) or were naive to anti-CTLA-4 (33 patients). Mutational
load was associated with clinical benefit in the anti-CTLA-4-
naive group, but not the anti-CTLA-4-resistant group. No single
gene mutations were significantly associated with response or
resistance to therapy. Decreased mutational and neoantigen load
during therapy was associated with response in both anti-CTLA-
4-naive and anti-CTLA-4-resistant groups. RNAseq analysis of
the pretreatment samples showed an enrichment in T-cell acti-
vation and lymphocyte aggregation pathways. These signatures
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indicate an immunologically active tumor, or “hot tumor,” and
all patients with complete response or partial response in the
anti-CTLA-4-resistant group had the “hot tumor” signature,
although not all responders in the anti-CTLA-4-naive group had
the “hot tumor” signature. Riaz et al. also investigated the early
effects of anti-PD-1 treatment (29 days after start) by RNAseq and
uncovered a global increase in immune checkpoint genes such as
PD-1, CTLA-4, CD274 (PD-L1), ICOS, and LAG3 in all samples.
For responders, the significant pathways included inflammatory
response and cytokine-mediate signaling pathways.

Finally, Davoli et al. investigated the role of aneuploidy in
response to immunotherapy (40). They analyzed the copy number
data from 5,255 tumor/normal samples, representing 12 cancer
types from The Cancer Genome Atlas project, and found that for
most tumors, there was a positive correlation between aneuploidy
severity and mutational load. They also found that tumors with
high levels of aneuploidy showed elevated expression of cell cycle
and cell proliferation markers, as well as a reduced expression of
markers for cytotoxic immune cell infiltrates. Aneuploidy levels
were a stronger predictor of markers of cytotoxic immune cell
infiltration than tumor mutational load. To correlate aneuploidy
with response to immunotherapy, they used data from Snyder
et al. and Van Allen et al. (31, 32) and found in both datasets that
high levels of aneuploidy correlated with poorer survival.

BIOMARKERS FROM T-CELL RECEPTOR
(TCR) PROFILING

Antigen detection by T-cells is by definition dependent on tumor-
specific T-cell generation and clonal amplification. In the context
of immunotherapies, which aim at enhancing the recognition of
the cancer cell by the immune system, there is an obvious rational
basis for examining the T-cell repertoire in order to shed light
on the specific mode of action of the drug and find potential
biomarkers of response.

The main challenge when analyzing TCR repertoire is its
immense diversity. The TCR is a heterodimer comprised of two
chains ap or 8y. The f and § chains, are generated by the random
rearrangement of a variable region (V), a diversity region (D), and
ajoining region (J) with a constant region (C). The @ and y chains,
consists of segments from the V, J, and C regions. Additional com-
plexity is introduced by random addition or deletion of nucleo-
tides at the junction sites of V, D, and J. The theoretical limit of the
TCR repertoire is in the range of 10'°, which is several magnitudes
higher than the total amount of T-cells in the body, approximately
4 x 10" (41). The estimated number for the TCR repertoire is
in the order of 10° to 10® (42). Most of the studies mainly assess
the complementarity-determining region 3 (CDR3) from f
chain, which is considered an acceptable proxy for estimating
diversity since it is the most variable region of the receptor and
that afT-cells represent about 90% of all T-cells (43). Due to the
advances in NGS, it is possible now to identify each individual
TCR sequence in the CDR3 region (44). Multiplex PCR is one of
the widely used methods to amplify the CDR3 region. Primers
for the J alleles or the constant region of the TCR o and f chains
are used together with a mix of primers for all known V alleles.

A drawback of multiplex PCR is that it is limited to known V alleles.
Asaresult, for TCR discovery experiments, other methods such as
targeted enrichment—a technique where RNA baits capture the
TCR receptor, usually the CDR3 region—are preferred. Since bait
capture takes into account mismatches, it allows for discovery of
new alleles and TCR receptors. In the context of immunotherapy,
TCR repertoire analysis is useful for determining if the tumor-
reactive clones have undergone activation and clonal expansion.
In an adequate immune response, the tumor-specific T-cells will
represent a significant proportion of the whole repertoire and
therefore be assessable at the level of the whole TCR population.

In 2014, Robert et al. compared pre- to post-treatment periph-
eral blood mononuclear cell (PBMC) samples from melanoma
patients treated with anti-CTLA-4 (45). The results from deep
sequencing of the multiplex PCR for the TCR V3 CDR3 region
showed that 19 out of 21 patients had an increased number of
unique clonotype (richness). There was no significant difference
in the V or ] segment usage and no difference in the total of
unique sequences between responders and non-responders. The
number of unique productive sequences in the top 25% of clones
showed a particularly high increase in diversity after treatment.
Those changes were not associated with peripheral lymphocyte
count; however, CD8" tumor-infiltrating cells showed a posi-
tive correlation with the TCR repertoire diversity. Finally, they
showed that patients experiencing more toxicities had more
diverse sequences post treatment. Overall, this study reports that
anti-CTLA-4 treatment increases TCR repertoire diversity in an
unspecific manner. Subsequently, the same group performed a
similar study on 9 anti-PD-1-treated patients and compared the
results (46). Unlike the effect of anti-CTLA-4, anti-PD-1 therapy
does not increase TCR repertoire complexity, on the contrary, 4/9
samples show a decrease >15% in the absolute number of unique
sequences and only one had an increase >15%. Those results
suggest that the mode of action of the two drugs is considerably
different.

Cha et al. shed more light on the potential mechanism of
anti-CTLA-4; their study assessed the changes in TCR repertoire
between baseline and 4 weeks of treatment in PBMCs from 21
melanoma patients (47). They confirmed that anti-CTLA-4 treat-
ment induces a significant change in the clonotypes frequency
compared to healthy donors. They showed that the diversification
is the result of a higher gain of new clonotypes and lower loss of
existing ones. The number of therapy-induced expanding clones
are not different between the responders and the non-responders,
which is in line with what Robert et al. described. However,
patients who survived longer exhibited less clonotypic changes
overtime, they maintained the most abundant clones which
were present at baseline and also had fewer clones significantly
decreasing in frequency. Finally, they also demonstrated that the
clones expanding in response to therapy are largely non-naive
T-cells, suggesting that patients who respond to the therapy
already have pre-primed T-cells in circulation before the onset of
anti-CTLA-4 treatment.

In light of these findings, Postow et al. hypothesized that the
shape of the TCR repertoire prior to treatment initiation may
influence thelikelihood of a response to the treatment (48). Twelve
baseline PBMC samples from 4 responders and 8 non-responders
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to anti-CTLA-4 were analyzed for richness and evenness of the
TCR repertoire. In this small cohort, they first showed that
patients who responded to the treatment have more similar VJ
usage among each other than compared to the V] usages in the
non-responders. Furthermore, low richness or evenness of the
TCR repertoire was significantly associated with a poor response
to anti-CTLA-4. That is, a TCR repertoire composed of less unique
clones (less diverse) or skewed toward a few specific clones (very
clonal) is predictive of a non-response to the treatment.

The detection of clonally expanded tumor-specific T-cell in
the blood indicates that the immune system mounted an immune
response against a foreign entity, which could be the tumor.
However, it is not certain that the activated T-cells would be able
to home to the tumor efficiently and be able to kill the cancer
cells. Therefore, it is also important to assess the immune status
at the tumor site.

Tumeh et al. performed a very elegant study exploiting tumor
samples from melanoma patients prior and during anti-PD-1
treatment (49). By qualitative and quantitative immunohisto-
chemistry, they revealed that, at baseline, patients who eventually
respond to the therapy, have more CD8* T-cells at the invasive
margin of the tumor compared to non-responders. This popula-
tion increases and migrates toward the center of the tumor during
treatment in responders. They showed that an efficient response
to anti-PD-1 therapy requires pre-existing CD8* T-cells, which
are most likely tumor specific. To confirm this theory, they
sequenced the TCR Vp region of tumor baseline samples and
found that responders indeed had a more clonal TCR repertoire.
On treatment, samples of responders showed significantly more
clonal expansion than non-responders.

Johnson et al. used NGS to assess differences between baseline
samples of responders and non-responders to anti-PD-1 therapy
(50). They assessed mutational load as well as specific mutations
differentially occurring in responders and non-responders. They
also investigated the TCR repertoire clonality of 42 samples
and did not find any association with response. However, it is
important to mention that times of sample acquisition were not
immediately before and after treatment. The timing was quite
broad, the study allowed the inclusion of samples collected over
12 months before start of treatment and also after treatment initia-
tion. When the analysis was performed only on samples obtained
within 4 months of treatment initiation, the non-responder group
was only represented by five samples, including one potential
outlier. Nonetheless, they noticed a trend toward higher clonality
at baseline in patients who eventually responded to the therapy.

Inoue et al. analyzed the TCR repertoire of 10 pre- and post-
anti-PD-1 tumor samples (51). They noticed that the clonotypes
with a read frequency >0.5% at baseline significantly increased
after treatment in responders. The calculation of the diversity
index highlighted a slight decrease in tumors of responders com-
pared to non-responders, which suggests oligoclonal expansion
of certain TCR clones.

More recently, Roh et al. published a complementary analysis
on a cohort of patients for which they performed TCR sequenc-
ing (38). They analyzed tumor samples from melanoma patients
treated sequentially with anti-CTLA-4 and anti-PD-1 via WES and
TCR sequencing. The TCR clonality assay revealed that there was

no significant difference between responders and non-responders,
pre- or on-treatment with anti-CTLA-4. A subpopulation of the
patients (n = 8) received anti-CTLA-4 followed by anti-PD-1 after
progression. All three responders to anti-CTLA-4 followed by anti-
PD-1 showed an increase in TCR clonality during anti-CTLA-4
treatment. In addition, higher TCR clonality was seen in the
responders prior to treatment and on treatment with anti-PD-1.

Riaz et al. investigated the evolution of melanoma tumors and
their microenvironment under anti-PD-1 therapy (52). Patients
who had previously progressed on anti-CTLA-4 and were naive
to anti-CTLA-4 were included in the study. They performed TCR
sequencing on 34 samples pre- and 4 weeks post- anti-PD-1
treatment. There were no statistically significant differences
in the baseline samples of either group. On anti-PD-1 therapy,
the anti-CTLA-4-pretreated group had increased TCR richness
associated with response, whereas the anti-CTLA-4-naive group
had decreased TCR evenness associated with response. In line
with Roh et al., pretreatment with anti-CTLA-4 seems to increase
the expansion of tumor-specific T-cell cells, which are addition-
ally expanded during anti-PD-1 treatment.

MASS CYTOMETRY (CyTOF)

The advent of CyTOF has allowed a more comprehensible analy-
sis of the whole immune system and will be an important asset for
immune oncology (53). The basic principle of CyTOF is similar
to conventional flow cytometry. The assay quantifies multiple
protein expression markers at the single-cell level. In contrast
to flow cytometry, the detection is not achieved by fluorophore
excitation, but by stable mass isotope quantification. The transi-
tion isotope bound to the antibodies are analyzed by a time of
flight mass spectrometer. CyTOF has some advantages over flow
cytometry, namely, the high purity of the metal isotopes reduces
background noise, eliminating spectral spillover and cellular
autofluorescence associated with conventional flow cytometry. It
also enables the detection of more markers in the same experi-
ment, theoretically up to a hundred. Multiple samples can be
analyzed at the same time thanks to a barcoding strategy (up
to 20), and therefore reduce inter-sample variation. CyTOF has
primarily been used to analyze peripheral blood from patients
undergoing immunotherapy. A better characterization of the
precise mode of action of those drugs is crucial to help overcom-
ing and predicting resistance as well as contributing to optimal
development of future combination therapies.

In 2015, Das et al. analyzed peripheral blood from mela-
noma patients undergoing immunotherapy with anti-CTLA-4,
anti-PD-1, or the combination of the two (54). Samples were
collected at baseline and after 3 weeks of treatment. In this early
study, CyTOF was mainly used to further characterize the cell
population of interest previously identified by flow cytometry. The
analysis revealed that the Ki67* cells, increasing after combina-
tion treatment, have a transitional memory T-cell-like phenotype.
Additional experiments were performed using other techniques
than CyTOE which lead the authors to conclude that anti-PD-1
and anti-CTLA-4 have distinct effects on the immune system.

In the context of a clinical trial assessing the safety of combin-
ing radiotherapy and immunotherapy in melanoma patients,

Frontiers in Oncology | www.frontiersin.org

34

May 2018 | Volume 8 | Article 178


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive

Hogan et al.

Melanoma Immunotherapy: Next-Generation Biomarkers

Hiniker et al. analyzed baseline and follow-up PBMC samples
from 9 patients (3 progressive disease, 6 complete response/
partial response) (55). CyTOF analysis revealed that the level
of CD8* T-cells expressing IL-2 were higher at baseline and in
the follow-up samples of responding patients. The same was true
for central memory CD8* T-cell levels. However, the cytokine
production was not significantly different from the population
seen in non-responding patients, thereby suggesting that the cells
are not functionally different from the non-responders.

The first study to use CyTOF as a main technique for analyzing
human melanoma patient samples was performed by Wistuba-
Hamprecht et al. in early 2017 (56). The analysis consisted
in performing CyTOF on 28 PBMC samples from stage IV
melanoma patients who received different courses of treatments.
A higher frequency in the APC-like population had a positive
association with OS, whereas a higher frequency in the MDSC-
like population showed negative association with OS. Overall, an
equal abundance of MDSC- and APC-like cells is associated with
better survival. The analysis of the T-cell compartment revealed
that there was a clear interpatient heterogeneity in the CD4* and
CD8" T-cell compartments compared to the other compartments
which have more homogenous frequencies between patients.
Only one afT-cell population had some prognostic potential:
a higher level of early differentiated CD4* T-cell was correlated
with poorer OS. In the natural killer cell compartment, a highly
cytotoxic cell population tends to correlate with better OS.
Finally, a comprehensive analysis of immune signatures of all
the melanoma-associated phenotypes identified a specific cluster
with high prognostic capacity, performing even better than LDH.
This cluster is significantly associated with poor OS and repre-
sented by an overall lower diversity across all the compartments,
and especially in the myeloid compartment.

Takeuchi et al. investigated the effect of immunotherapy
in melanoma patients by comparing PBMCs from 4 different
patients receiving anti-PD-1 (2 responders and 2 non-responders)
(57). The panel was composed of 35 markers and they used high-
dimensional clustering to analyze the data. The main finding in
this paper is that CD4* and CD4*CD8" cell populations increase
during therapy. CD4*CD27+FAS~ central memory T-cell were
shown to expand in a higher proportion in responders than in
non-responders. These results were validated in a separate cohort
(n=4).

More recently, Krieg et al. performed a comprehensive
analysis, assessing the correlation between baseline peripheral
immune signature and response to anti-PD-1 in melanoma
patients (58). The cohort was composed of 20 patients from whom
baseline and on treatment samples were obtained. They used an
optimized immune marker panel and a customized, interactive
bioinformatics pipeline in order to identify potential predictive
biomarkers. Three different CyTOF panels were used: one for the
phenotypic characterization of lymphocytes, one to assess the
T-cell functions, and the third one to characterize monocytes,
which consisted of 30, 26, and 25 markers, respectively. By per-
forming hierarchical clustering of all the samples pooled together,
they identified a differential marker expression in responders
compared to non-responders. Further analysis, and validation in
an independent, blinded cohort by conventional flow cytometry,

revealed that, at baseline, responders had a higher frequency of
classical monocytes and lower frequency of lymphocytes com-
pared to the non-responders.

OUTLOOK

The development of high-throughput technologies such as NGS
and CyTOF have allowed researchers and clinicians to evaluate
hundreds to tens of thousands of genes from a bulk tumor to a
single-cell level. NGS is an invaluable tool for analyzing mutations
and copy number profiles, gene expression changes and gene sig-
natures, epigenetic alterations, the TCR repertoire, and single-cell
gene expression changes. The recent development of CyTOF has
also allowed the analysis of many markers at a single-cell level. In
the context of immunotherapy, these high dimensional datasets
will enhance the discovery of novel biomarkers, prognostic mark-
ers, and resistance mechanisms.

Next-generation sequencing biomarker discovery for anti-
CTLA-4 treatment have uncovered that mutational load and
neoantigen load are the most informative for response and OS,
but they are not perfect biomarkers as some non-responders may
also present with high mutational load. Aneuploidy could also
help foresee response to anti-CTLA4 since it was highlighted asan
independent predictor in a multivariate Cox model which included
mutational load. Copy number analysis could as well be informa-
tive as loss in chromosome 10 was shown to be a poor prognostic
marker in two studies. Many of these studies also analyzed tumor
samples upon progression and found no recurrent genetic muta-
tion, which could mean that resistance to anti-CTLA-4 is patient
specific. In the context of anti-PD-1 treatment, mutational load
is not a clear informative marker for response. As anti-PD-1 is
a relatively new therapy, no large cohort studies with over 100
patients for NGS biomarker discovery have yet been performed.
There are single patient examples showing that genes involved
in the JAK-STAT pathway or antigen presentation could be
predictive biomarkers for anti-PD-1 treatment. Loss of function
mutations in JAK1, JAK2, and B2M are negative biomarkers for
response and are involved in resistance to anti-PD-1 treatment in
individual cases, but these mutations do not seem to be recurrent.
RNAseq analysis from several studies suggest that tumors with
high immune activity are more likely to respond to anti-PD-1. To
better stratify patients for anti-CTLA-4 or anti-PD-1 treatment, a
combinatorial approach investigating WES, copy number varia-
tion, and RNAseq would be needed.

Overall, most studies support that anti-CTLA-4 and anti-
PD-1 modulate TCR repertoire clonality upon treatment. This
strengthens the notion that tumor-specific T-cell populations
are affected by CTLA-4 or PD-1 inhibition. In summary, most
studies support that anti-CTLA-4 induces an expansion of
clones in a non-specific manner and, therefore, broadens the
TCR repertoire. On the other hand, anti-PD-1 seems to favor
the proliferation of fewer specific clones giving rise to a more
skewed repertoire, thereby suggesting that the baseline TCR
repertoire of the patients plays a role in the response to the treat-
ment. However, for the moment, those predictions arise mainly
from early on-treatment evaluations that examined the evolution
of the repertoire from baseline, as we are not yet able to precisely
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pinpoint the tumor-specific clones that, once clonally expanded,
will facilitate tumor elimination. It is also important to highlight
that the mode of action of the current immunotherapies are still
debated and we do not fully comprehend their overall impact
on different immune cell subpopulations. As a result, it is dif-
ficult to assess the global impact of the drugs on the immune
response by investigating specific mechanisms individually. This
is why high-throughput techniques discussed here are powerful
emerging tools, which will allow us to elucidate this problem
by looking at numerous markers simultaneously. The more we
increase our knowledge of exact mechanisms, the better we
will be able to exploit the therapies by using them in a targeted/
patient-specific manner. Interesting work by Twyman-Saint et al.
combining anti-CTLA-4, anti-PD-1 and radiotherapy, underpins
this assertion (59).

To our knowledge, despite the great potential held by CyTOF
technology, to date, no research was published on the analysis of
human melanoma tumor samples in the context of immunothera-
pies. One should however expect to see more forthcoming data,
thanks to a novel exciting add-on technology that is starting to
emerge. Indeed, a new laser system can be coupled to the CyTOF
device which allows for imaging mass cytometry (60). That is,
the detection of metal-labeled antibodies, as in standard CyTOF
analysis, but performed on tissue sections by using multiplexed
ion beam imaging. This state of the art technology will allow, not
only to assess a high range of markers at the same time, but also
to obtain spatial resolution and warrant a very comprehensive
analysis of the cell-cell interaction in the tumor microenviron-
ment. New developments of the system should soon facilitate
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Anti-PD-1 and Anti-CTLA-4
Therapies in Cancer: Mechanisms of
Action, Efficacy, and Limitations

Judith A. Seidel’, Atsushi Otsuka'* and Kenji Kabashima'?*

! Department of Dermatology, Kyoto University Graduate School of Medicine, Kyoto, Japan, 2Singapore Immunology
Network (SIgN), Institute of Medical Biology, Agency for Science, Technology and Research (A*STAR), Biopolis, Singapore,
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Melanoma, a skin cancer associated with high mortality rates, is highly radio- and che-
motherapy resistant but can also be very immunogenic. These circumstances have led to
a recent surge in research into therapies aiming to boost anti-tumor immune responses
in cancer patients. Among these immunotherapies, neutralizing antibodies targeting the
immune checkpoints T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell
death protein 1 (PD-1) are being hailed as particularly successful. These antibodies have
resulted in dramatic improvements in disease outcome and are now clinically approved
in many countries. However, the majority of advanced stage melanoma patients do not
respond or will relapse, and the hunt for the “magic bullet” to treat the disease continues.
This review examines the mechanisms of action and the limitations of anti-PD-1/PD-L1
and anti-CTLA-4 antibodies which are the two types of checkpoint inhibitors currently
available to patients and further explores the future avenues of their use in melanoma
and other cancers.

Keywords: immunotherapy, cancer, melanoma, side effects, biomarkers, immune checkpoint inhibitors, mode of
action

INTRODUCTION

In recent years, there has been a steep rise in the development and implementation of anti-cancer
immunotherapies. The approval of anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
and anti-programmed cell death protein 1 (PD-1) antibodies for human use has already resulted
in significant improvements in disease outcomes for various cancers, especially melanoma. Unlike
radio- and chemotherapy, which aim to directly interfere with tumor cell growth and survival,
immunotherapies target the tumor indirectly by boosting the anti-tumor immune responses that
spontaneously arise in many patients.

Abbreviations: ctDNA, circular tumor DNA; CTLA-4, T-lymphocyte-associated protein 4; DCs, dendritic cells; IPRES, innate
anti-PD-1 resistance; LDH, lactate dehydrogenase; NK, natural killer cells; PD-1, programmed cell death protein 1; IDO,
indoleamine 2,3-dioxygenase; IL-12, interleukin 12; TGF-p, tumor growth factor-f; Tregs, regulatory T cells; MDSCs, myeloid-
derived suppressor cells; VISTA, V-domain Ig suppressor of T cell activation; ITIM, immunoreceptor tyrosine-based inhibition
motif; IFN-y, interferon; TIM-3, T-cell immunoglobulin and mucin-domain containing-3; LAG-3, lymphocyte-activation
protein 3; TIGIT, T-cell immunoreceptor with Ig And ITIM domains; TNF-«, tumor necrosis factor-o; ICOS, inducible
co-stimulatory molecule; IFN-y, interferon-y; BTLA, B- And T-lymphocyte-associated protein; CSF-1R, colony stimulating
factor-1 receptor; GM-CSE, granulocyte-macrophage colony-stimulating factor; Breg, regulatory B cell.
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CANCERS EVADE AND INHIBIT IMMUNE
RESPONSES

In order to understand the modes of action of immune checkpoint
inhibitors, it is important to understand the dynamic interplay
between cancers and the immune system during the course of
the disease.

Cancer cells are genetically unstable, which contributes to
their uncontrolled proliferation and the expression of antigens
that can be recognized by the immune system. These antigens
include normal proteins overexpressed by cancer cells and novel
proteins that are generated by mutation and gene rearrange-
ment (1). Cytotoxic CD8* T cells are immune cells that are par-
ticularly effective at mediating anti-tumor immune responses.
These cells may learn to recognize the tumor-specific antigens
presented on major histocompatibility complex (MHC) class
I molecules and thereby perform targeted tumor cell killing.
CD8* T cells become licensed effector cells after appropriate
stimulation by antigen-presenting cells that have collected
antigens at the tumor site. Apart from the antigen peptides
embedded on the MHC molecules, antigen-presenting cells
must provide costimulatory signals through surface receptors
(such as CD28) and cytokines [such as interleukin (IL)-12] for
effective T cell stimulation (2).

Tumor cells adopt a variety of mechanisms to avoid
immune recognition and immunomediated destruction.
Established tumors are often thought to arise through the
selection of clones that are able to evade the immune system, a
process known as immunoediting (3). Tumor cells may evade
immune recognition directly by downregulating features that
make them vulnerable such as tumor antigens or MHC class
I (4-6). Alternatively, tumors may evade immune responses
by taking advantage of negative feedback mechanisms that
the body has evolved to prevent immunopathology. These
include inhibitory cytokines such as IL-10 and tumor growth
factor (TGF)-p, inhibitory cell types such as regulatory T cells
(Tregs), regulatory B cells (Bregs), and myeloid-derived
suppressor cells (MDSCs), metabolic modulators such as
indoleamine 2,3-dioxygenase (IDO), and inhibitory receptors
such as PD-1 and CTLA-4 (7, 8).

IMMUNE EXHAUSTION CONTRIBUTES TO
IMMUNE DYSFUNCTION IN CANCER

Inhibitory receptors, also known as immune checkpoints,
and their ligands can be found on a wide range of cell types.
They are essential for central and peripheral tolerance in that
they counteract simultaneous activating signaling through
co-stimulatory molecules. Inhibitory receptors may act dur-
ing both immune activation and ongoing immune responses.
During chronic inflammation in particular, T cells are known
to become exhausted and to upregulate a wide range of non-
redundant inhibitory receptors that limit their effectiveness,
such as PD-1, CTLA-4, T-cell immunoglobulin and mucin-
domain containing-3 (TIM-3), lymphocyte-activation gene
3 (LAG-3), or T-Cell immunoreceptor with Ig And ITIM
domains (TIGIT) [See Table 1 (9-11)]. Originally described
in the context of chronic viral infections, where the host fails
to clear the pathogen, it is now apparent that exhausted T cells
can also occur in cancer (12, 13). It is believed that, under
these conditions, persistent high antigenic load leads to the
T cells upregulating the inhibitory receptors, whose signal-
ing subsequently leads to a progressive loss of proliferative
potential and effector functions and in some cases to their
deletion (14).

Exhaustion is therefore both a physiological mechanism
designed to limit immunopathology during persistent infection
and a major obstacle for anti-tumor immune responses (17).
It should be noted that expression of inhibitory markers is not
always a sign of immune exhaustion, because the receptors
may be expressed individually during conventional immune
responses (18).

THE IMMUNE CHECKPOINT RECEPTOR
CTLA-4

The anti-CTLA-4 blocking antibody ipilimumab was the first
immune checkpoint inhibitor to be tested and approved for
the treatment of cancer patients (19, 20). CTLA-4 (CD152) is
a B7/CD28 family member that inhibits T cell functions. It is
constitutively expressed by Tregs but can also be upregulated by

TABLE 1 | Overview of T cell surface receptors associated with immune inhibition and dysfunction.

Receptor Expressing cells Ligands Ligand-expressing cells
Programmed cell death protein 1 CD4 (activated/exhausted, follicular), CD8 (activated/ PD-L1, PD-L2 Antigen-presenting cells,
(PD-1) (11) exhausted), B cells, dendritic cells (DCs), monocytes, CD4+ T cells, non-lymphoid
mast cells, Langerhans cells tissues, some tumors
T-lymphocyte-associated protein 4 CD4 (activated/exhausted, Tregs), CD8 (activated/ CD80, CD86 Antigen-presenting cells

(CTLA-4) (15) exhausted), some tumors

lymphocyte-activation protein 3

(LAG-3) (15) exhausted), natural killer cells (NK)

CD4 (including Treg and exhausted), CD8 (including

MHC class II, LSECtin Antigen-presenting cells, liver,

some tumors

T-cell immunoglobulin and mucin-
domain containing-3 (TIM-3) (16)

CD4 (Th1, Th17, Treg), CD8 (including exhausted and
Tc1), DC, NK, monocyte, macrophages

Galectin-9, phosphatidyl serine,
high mobility group protein B1,
Ceacam-1

Endothelial cells, apoptotic
cells, some tumors

T-cell immunoreceptor with Ig And
ITIM domains (TIGIT) (16)

CD4 (including Treg, follicular helper T cells),
CD8, NK

CD155 (PVR), CD122 (PVRL2,
nectin-2)

APCs, T cells, some tumors
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other T cell subsets, especially CD4" T cells, upon activation (21).
Exhausted T cells are also often characterized by the expression
of CTLA-4 among other inhibitory receptors. CTLA-4 is mostly
located in intracellular vesicles and is only transiently expressed
upon activation in the immunological synapse before being
rapidly endocytosed (22).

CTLA-4 mediates immunosuppression by indirectly dimin-
ishing signaling through the co-stimulatory receptor CD28.
Although both receptors bind CD80 and CD86, CTLA-4 does
so with much higher affinity, effectively outcompeting CD28
(23). CTLA-4 may also remove CD80 and CD86 (including
their cytoplasmic domains) from the cell surfaces of antigen-
presenting cells via trans-endocytosis (24), therefore reducing
the availability of these stimulatory receptors to other CD28-
expressing T cells. Indeed, this process is an important mecha-
nism by which Tregs mediate immune suppression on bystander
cells (25).

By limiting CD28-mediated signaling during antigen pres-
entation, CTLA-4 increases the activation threshold of T cells,
reducing immune responses to weak antigens such as self- and
tumor antigens. The central role that CTLA-4 plays in immu-
nological tolerance is exemplified by experiments in mice that
lack the CTLA-4 gene globally or specifically in the Forkhead
box P3 (FoxP3)* Treg compartment. These animals develop
lymphoproliferative disorders and die at a young age (25, 26).
Similarly, polymorphisms within the CTLA-4 gene are associated
with autoimmune diseases in humans (27). CTLA-4 signaling has
been shown to dampen immune responses against infections and
tumor cells (28, 29).

THE IMMUNE CHECKPOINT
RECEPTOR PD-1

The surface receptor PD-1 (CD279) was first discovered on a
murine T cell hybridoma and was thought to be involved in
cell death (30). It has since become clear, however, that PD-1,
which is homologous to CD28, is primarily involved in inhibi-
tory immune signaling, and is an essential regulator of adaptive
immune responses (31). In both humans and mice some T cell
populations constitutively express PD-1; one example is fol-
licular helper T cells (32). Although most circulating T cells
do not express the receptor, they can be induced to do so
upon stimulation, through the T cell receptor (TCR) complex
or exposure to cytokines such as IL-2, IL-7, IL-15, IL-21,
and transforming growth factor (TGF)-p (33, 34). Other cell
types, such as B cells, myeloid dendritic cells, mast cells, and
Langerhans cells, can also express PD-1 which may regulate
their own and bystander cell functions under pathophysiologi-
cal conditions (35-38). PD-1 has two ligands: PD-L1 (B7-HI;
CD274) and PD-L2 (B7-DC; CD273). Both can be found on
the surface of antigen-presenting cells (such as dendritic cells,
macrophages, and monocytes), but are otherwise differentially
expressed on various non-lymphoid tissues (39, 40). Interferon
(IFN)-y is the main trigger known to cause PD-L1 and PD-L2
upregulation (41).

PD-1 bears an immunoreceptor tyrosine-based inhibition
motif (ITIM) and an immunoreceptor tyrosine-based switch
motif (ITSM) motif on its intracellular tail. The intracellular
signaling events initiated upon PD-1 engagement are best
described in T cells and are illustrated in Figure 1. In these
cells, engagement of PD-1 causes tyrosine residues to become
phosphorylated, starting an intracellular signaling cascade that
mediates the dephosphorylation of TCR proximal signaling
components (9, 42-44). Among these, CD28 has recently been
found to be the primary target (45). In the presence of TCR
stimulation, CD28 provides critical signals that are important for
T cell activation. By interfering with early TCR/CD28 signaling
and associated IL-2-dependent positive feedback, PD-1 signaling
therefore results in reduced cytokine production [such as IL-2,
IFN-y, and tumor necrosis factor (TNF)-a], cell cycle progres-
sion, and pro-survival Bcl-xL gene expression, as well as reduced
expression of the transcription factors involved in effector func-
tions such as T-bet and Eomes (42, 43, 46, 47). PD-1 activity is
therefore only relevant during simultaneous T cell activation, as
its signal transduction can only come into effect during TCR-
dependent signaling (39, 41, 48). Details about PD-1 signaling
in other cell types that bear this receptor, such as B cells, remain
to be elucidated.

Overall, PD-1 is crucial for the maintenance of peripheral
tolerance and for containing immune responses to avoid immu-
nopathology. Mice deficient in the receptor initially appear
healthy, but develop autoimmune diseases such as lupus-like
proliferative glomerulonephritis and arthritis with age and
exacerbated inflammation during infections (18, 31, 49, 50).
Humans with genetic polymorphisms in the PD-1 locus also
have an increased likelihood of developing various autoimmune
diseases (51, 52).

CTLA-4, PD-1, AND THEIR LIGANDS
IN CANCER

CTLA-4 may be expressed in tumor lesions on infiltrating Tregs
or exhausted conventional T cells as well as tumor cells themselves
(53, 54). Despite the immunosuppressive role of CTLA-4, its
association with disease prognosis is not clear; however, it should
be noted that only a few studies have described the prognostic
value of CTLA-4 levels in the tumor site. So far, the expression of
CTLA-4 on tumors has been associated with decreased survival
in nasopharyngeal carcinoma (54) and increased survival in non-
small cell lung cancer (53).

PD-1 can be upregulated transiently during stimulation
and constitutively during chronic immune activation (17). The
inhibitory receptor has been detected on both circulating tumor-
specific T cells and tumor-infiltrating lymphocytes, where it was
associated with decreased T cell function in humans and mice (13,
29, 55-57). Other cell types may also upregulate PD-1 in tumor
lesions. PD-1-positive dendritic cells, for example, have been iden-
tified in hepatocellular carcinoma where they exhibited a reduced
ability to stimulate T cells (37). Another study identified a popula-
tion of tumor-infiltrating PD-1-expressing regulatory B cells that
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Antigen presenting cell or other cell

FIGURE 1 | Programmed cell death protein 1 (PD-1) mediated intracellular signaling events during T cell activation. (1) Upon T cell activation, the extracellular
receptors PD-1, CD28, and the T cell receptor (TCR) complex (including CD4 or CD8) bind their ligands PD-L1 or PD-L2, CD80 or CD86, and major
histocompatibility complex (MHC) class | or II, respectively. This brings all the receptors into close proximity with each other at the immunological synapse and allows
them to interact with each other. (2) The Src kinase Lck (P56Lck), which is bound to the intracellular tail of CD4 and CD8, can now phosphorylate the tyrosine
residues on the intracellular tails of PD-1 and CD28 as well as the CD3{ chain of the TCR/CD3 complex. (3a) Phosphorylation of the immunoreceptor tyrosine-
based switch motif (ITSM) motif on the intracellular tail of PD-1 allows recruitment of the Src homology region 2 domain-containing phosphatase 2 (SHP-2), resulting
in the activation of SHP-2 phosphatase activity. SHP-1 may also bind PD-1 but to a lesser extent than SHP-2. (3b) Simultaneously, the phosphorylated tail of CD28
is now able to recruit PI-3K and Grb2 among other signaling molecules. (4) Through close proximity at the immunological synapse, PD-1-associated SHP-2 can
dephosphorylate the cytoplasmic tail of CD28, and to a lesser extent that of the CD3¢ chain, therefore preventing the recruitment of further downstream signaling
molecules associated with these molecules. SHP-2 may also dephosphorylate PD-1, causing auto-regulation of this inhibitory pathway. (6) CD28 provides critical
signals alongside TCR stimulation, and the abrogated binding of PI3K and Grb2 to this receptor therefore leads to decreased signaling in pathways important for
IL-2 production, survival, proliferation, and certain effector functions. In the absence of its ligands, PD-1 is not recruited to the immune synapse and can therefore
not interfere with activation signaling. (6) The inhibitory receptor CTLA-4 primarily restricts CD28 signaling indirectly by reducing the availability of CD80 and CD86,
to which it binds with a much higher affinity than the co-stimulatory receptor CD28. Sources (43-45).

' ©

Bind preferentially

1

\

|

i
|
I
I
I
\I,

produced IL-10; higher proportions of these cells were correlated
with worse disease outcome in hepatocellular carcinoma patients
(58). Tumor-associated macrophages were also recently shown to
express PD-1 in both mice and humans with colorectal cancer and
to impair macrophage phagocytosis (59).

Both cancer cells and tumor-infiltrating immune cells
(such as macrophages) may express PD-L1 and upregulate it
in response to IFN-y (60). PD-L1 expression may therefore be
indicative of active anti-tumor immune responses and may also
actively contribute to local immunosuppression. The relation-
ship between PD-1 or PD-L1 expression at the tumor site and
disease outcome is thus not consistent among all tumor types
and patients. High PD-1 and/or PD-L1 may correlate with
poor prognosis in some cancers (including melanoma, renal
cell carcinoma, esophageal, gastric, and ovarian cancers) and

with improved prognosis in others (such as angiosarcoma and
gastric cancer) (55, 60-65).

EFFICACY AND MODE OF ACTION OF
CHECKPOINT INHIBITORS

Both CTLA-4 and PD-1 checkpoint inhibitors have resulted in
increased patient survival in a number of studies, including stud-
ies on melanoma, renal cell carcinoma, squamous cell carcinoma,
and non-small cell lung cancer, when compared to conventional
chemotherapies (summarized in Table 2). In melanoma, anti-
PD-1 treatment was more effective in patients with smaller
tumors (66). A direct comparison between the two checkpoint
inhibitors in a Phase III clinical trial found better response (44%)
and survival rates (6.9 months progression-free survival) among
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TABLE 2 | Treatment outcome of clinical trials for immune checkpoint inhibitors in various cancer types.

Target Drug Condition Treatment regimen Treatment in Objective = Complete Overall Progression- Grade Participants Reference
control group  response response survival free survival 3-5 treated (and
rate rates (months) (months) adverse  controls)
events
Programmed  PD-1  Nivolumab Melanoma (stage I1I/IV) 3 mg/kg/2 weeks (vs combination  43.7% 8.9% n/a 6.9 16.3% 316 67)
cell death (IgG4a) therapy)
protein 1 (PD-
1) signaling
Renal cell carcinoma 3 mg/kg/2 weeks 10 mg/day 25% (4% 1% (<1% 25.0(19.6 4.6 (4.4 19% (27% 406 (397 (68)
(metastatic) Everolimus control) control) control) control) control) control)
Hodgkin’s lymphoma 3 mg/kg/2 weeks n/a 87% 17% n/a 86% at 22% 23 (69)
(relapsed/refractory) 24 weeks
Squamous-cell carcinoma 3 mg/kg/2 weeks Single-agent 13.3% 2.5% 36.0%/1 year 19.7% at 13.1% 240 (121 (70)
of the head and neck systemic therapy (5.8% (0.8% (16.6% 6 months (35.1%) control)
(recurrent) (methotrexate, control) control) control) (9.9% control)
docetaxel, or
cetuximab)
Non-small cell lung cancer 3 mg/kg/2 weeks Docetaxel 19% (12% 1% (<1% 12.29.4 2342 10% (64% 292 (290 (71)
control) control) control) control) control) control)
3 mg/kg/2 weeks Docetaxel 20% (9% 1% (0% 9.2 (6 control) 3.5 (2.8 7% (55% 135 (137 (72)
control) control) control) control) control)
Ovarian cancer 1 or 3 mg/kg/2 weeks n/a 15% 10% 20 3.5 40% 20 (62)
(platinum-resistant)
Pembrolizumab  Melanoma (stage IlI/IV) 10 mg/2 weeks or (vs ipilimumab)  33.7-32.9% 5.0-6.1% n/a 5.5-4.1 13.3- 279-277 (73)
(IgG4a) 3 weeks 10.1%
Merkel cell carcinoma 2 mg/kg/3 weeks n/a 56% 16% n/a 65% at 15% 26 (74)
6 months
Non-small cell lung cancer 2 mg/kg/3 weeks n/a 19.4% n/a 12 3.7 9.5% 495 (75)
10 mg/kg/3 weeks
10 mg/kg/2 weeks
200 mg/2 weeks Platinum-based  44.8 (27.8% n/a 80.2% at 10.3 (6 26.6% 154 (154 (76)
(PD-L1 + patients only) ~ chemotherapy control) 6 months control) (53.3% control)
(72.4% control)
control)
2 or 10 mg/kg/3 weeks  Docetaxel 18/18% 0/0% (0% 10.4/12.7 3.9/4.0 (4.0 13/16% 345/346 (343 (77)
(PD-L1 + patients only) (9% control)  control) (8.5 control)  control) (85% control)
control)
Progressive metastatic 10 mg/kg/every 2 weeks n/a 40/0% 0/0% >5 months/5  >5/2.2 41% 10/18 (78)
colorectal cancer overall
Pidilizumab B cell ymphoma (after 1.5 mg/42 days n/a 51% 34% 85% at 72% at n/a 66 (79)
(IgG1) autologous stem cell 16 months 16 months
transfer)
(Continued)
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TABLE 2 | Continued

Target Drug Condition Treatment regimen Treatment in Objective = Complete Overall Progression- Grade Participants Reference
control group  response response survival free survival 3-5 treated (and
rate rates (months) (months) adverse  controls)
events
Follicular lymphoma 3 mg/kg/4 weeks n/a 66% 52% n/a n/a 0% 29 (80)
(relapsed) (+ rituximab)
PD-L1  Atezolizumab Non-small cell lung cancer 1,200 mg/3 weeks Docetaxel 18% (16% 2% (<1%  15.7 (10.3 2.8 (4 control)  15% (43% 425 (425 (81)
(IgG1) (stage IlI-IV) control) control) control) control) control)
Urothelial carcinoma 1,200 mg/3 weeks n/a 23% 9% 15.9% 2.7 16% 119 (82)
(locally advanced and
metastatic)
T-lymphocyte- CTLA-  Ipilimumab Melanoma (stage IlI/1V) 10 mg/kg plus Decarbazine 156.2% 1.6% 11.2 (9.1 n/a 56.3% 250 (252 (83)
associated 4 (IgG1) decarbazine alone (10.3% (0.8% control) (27.5%) control)
protein 4 control) control)
(CTLA-4)
signaling
3 mg/kg/3 weeks (vs 11.9% 1.4% n/a 2.8 19.9% 278 (73)
Pembrolizumalb) 315
3 mg/kg/3 weeks (vs combination  19% 2.2% n/a 2.9 27.3% 311 (67)
with nivolumab)
Tremelimumab  Melanoma (stage IlI/1V) 15 mg/kg/90 days chemotherapy 10.7% 3% (2% 12.6% (10.7  20.3% at 52% (87% 328 (327 (84)
(19G2) (temozolomide  (9.8% control) control) 6 months control) control)
or dacarbazine)  control) (18.1%
control)
Combination Nivolumab + Melanoma (stage IlI/IV) 3 mg/kg/2 weeks (vs single) 57.6% 11.5% n/a 1.5 55% 314 67)
therapy Ipilimumab Nivolumab
3 mg/kg/3 weeks
Ipilimumab
Non-small cell lung cancer Nivo + Ipi: 1 + 3 or Nivolumab alone 23/19% 2/0% (0%) 7.7/6 (4.4) 2.6/1.4(1.4 30/19% 61/54 (98 (85)
3+ 1 mg/ml (10% control) (13% control)
control) control)

n/a: not available.

Where the median values for overall or progression-free survival were not reached within the time frame of a study and the percentage of patients surviving for a given time frame are shown instead.
The anti-PD-L1 antibodies avelimumab and durvalumab are currently undergoing early-stage clinical trials and therefore no data has yet been published on their efficacy.
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patients treated with the anti-PD-1 antibody nivolumab than
among those treated with the anti-CTLA-4 antibody ipilimumab
(19% and 2.8 months). Combined administration of both
nivolumab and ipilimumab resulted in even higher response rates
(58%) and survival (11.5 months) (67).

Both CTLA-4 and PD-1 act independently as brakes on CD3/
CD28-dependent signaling, suggesting that underlying immune
responses are required for checkpoint inhibitor treatment to take
effect (66). Indeed, as mentioned in the previous section, both
PD-1 and CTLA-4 blockades are more effective in tumors that
are infiltrated by T cells or that have high mutation rates and are
therefore more immunogenic prior to treatment (86-88).

The direct immunological consequences of anti-PD-1 and
anti-CTLA-4 treatments have mostly been investigated in T cells
(Figure 2). It is thought that the blockade of CTLA-4 most likely
impacts the stage of T cell activation in the draining lymph nodes
when CTLA-4 expressing Tregs remove CD80/CD86 from the
surface of antigen-presenting cells, thereby reducing their abil-
ity to effectively stimulate tumor-specific T cells (24). CTLA-4
blockade may also take effect at the tumor site as exhausted
CTLA-4-expressing T cells and Tregs can accumulate within
the tumor microenvironment (29, 53). PD-1-expressing tumor-
infiltrating T cells can be disabled by PD-L1 on the surfaces of
tumor cells or other infiltrating immune cells, and blocking
antibodies targeting PD-1 signaling are therefore thought to
mainly affect the effector stage of the immune response (13,
55-57). Since other cell types (such as dendritic cells and B cells)
can also be influenced by PD-1 signaling, inhibition of the PD-1/
PD-L1 pathway may also have T cell-independent effects, whose
impact on immune responses during checkpoint inhibitor
therapy remain to be elucidated (36, 58).

Type I immune responses, which include IFN-y produc-
tion and cytotoxic T cell functions, are important for effective
anti-tumor immune responses and are associated with better
responses to anti-CTLA-4 and anti-PD-1 treatments. Indeed,
mouse models have shown that local IFN-y upregulation is essen-
tial for anti-PD-1-mediated tumor regression (89). Similarly,
IEN-y and the cytotoxic granule component granzyme B were
increased in regressing lesions of melanoma patients after anti-
PD-1 treatment (90). Tumors in patients treated with anti-PD-1
who initially responded and then relapsed showed mutations that
caused a subsequent loss in MHC class I surface expression (to
avoid cytotoxic T cell recognition) or in IFN-y response elements
(6). Th9 CD4* T cells have also been suggested to play a role
according to a recent study that detected a significant increase in
ThO cell frequency in patients responding to anti-PD-1 treatment
(91, 92).

It may be tempting to speculate that immune checkpoint
inhibitors specifically boost the function of T cells belonging to
the effector memory compartment, as these cells readily express
cytotoxic molecules such as perforin and granzyme B. However,
these cells lack the co-stimulatory receptor CD28 through
which both PD-1 and CTLA-4 inhibit T cell function (93). Two
recent studies have shown that it is indeed CD28-expressing
cells rather than already terminally differentiated effector cells
that respond to PD-1 blockade with a proliferative burst and
differentiation (94, 95).

The characteristics of a tumor itself may also influence immune
checkpoint inhibitor efficacy. The mutational burden of tumor
cells may increase their antigenicity but may also enhance their
ability to evade treatment-induced immune responses. Indeed,
a recent study identified a melanoma gene signature associated
with innate anti-PD-1 resistance, which included upregulation
of genes associated with angiogenesis, wound healing, mesen-
chymal transitioning, cell adhesion, and extracellular matrix
remodeling (96).

Commensal bacteria may also play a role in influencing the
efficacy of immune checkpoint inhibitors. Anti-CTLA-4 treat-
ment was found to be ineffective in mice reared under sterile
conditions and to induce a shift in the gut flora of conventionally
reared mice. Further experiments showed that the presence of
certain bacterial strains, in particular Bacteroides fragilis, pro-
moted Th1 polarization in the animals and was associated with
an improved anti-tumor immune response (97). Importantly,
antibiotic treatment was also associated with reduced responses
to anti-PD-1/PD-L1 treatments in cancer patients, possibly
by altering the normal gut flora. Good treatment response
among patients was instead associated with the presence of the
commensal Akkermansia muciniphila, which also improved
anti-PD-1 treatment responses in mice by allowing increased
recruitment of CCR9 + CXCR3 + CD4 + T lymphocytes into
the tumor (98).

TREATMENT-RELATED ADVERSE EVENTS
AND THEIR MANAGEMENT

PD-1 and CTLA-4 prevent autoimmunity and limit immune
activation to prevent bystander damage under physiological
conditions. Inhibition of these receptors through therapeutic
antibodies for the treatment of cancer is therefore associated with
a wide range of side effects that resemble autoimmune reactions.
Rates of severe side effects vary greatly by study and treatment
(see Table 2). Clinical trials that directly compared different
types of immune checkpoint inhibitors and their combination
noted that more patients experienced side effects when treated
with anti-CTLA-4 (27.3%) compared to anti-PD-1 (16.3%). Even
more patients were affected when treated with a combination of
both (55%) (67).

Almost all patients treated with immune checkpoint
inhibitors experience mild side effects such as diarrhea, fatigue,
pruritus, rash, nausea and decreased appetite. Severe adverse
reactions include severe diarrhea, colitis, increased alanine ami-
notransferase levels, inflammation pneumonitis, and interstitial
nephritis (67, 73, 99). There have also been reports of patients
experiencing exacerbation of pre-existing autoimmune condi-
tions such as psoriasis (91, 92, 100) or developing new ones such
as type 1 diabetes mellitus (101). Particularly severe side effects
may require cessation of treatment, although these patients may
still respond thereafter (102). Interestingly, certain treatment-
related auto-immune reactions such as rash and vitiligo have
been shown to correlate with better disease prognosis (103),
suggesting an overlap between auto-immune and anti-tumor
immune responses.
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FIGURE 2 | The role of programmed cell death protein 1 (PD-1) and T-lymphocyte-associated protein 4 (CTLA-4) in the priming and effector phases of anti-tumor
immune responses. For T cell priming, dendritic cells (DCs) sample antigen at the tumor site and transport it to the draining lymph nodes, where they present the
antigens on their major histocompatibility complex (MHC) molecules to T cells. T cells become activated if their T cell receptors recognize and bind the antigen on
MHC complexes and their CD28 costimulatory receptors bind CD80 and CD86 on DCs. CTLA-4 upregulation on T cells or bystander Tregs can interfere with the
CD28 signal, as the former receptor binds CD80 and CD86 with higher affinity. Once activated, T cells migrate to the tumor site in order to kill malignant cells.
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Tumors or bystander cells such as macrophages may, however, upregulate PD-L1 and therefore obstruct T cell function by inducing inhibitory intracellular signaling.
Anti-CTLA-4 blocking antibody may therefore restore T cell priming in the lymph nodes, and the PD-1 signaling blockade may enable T cell effector function at the
tumor site. Additionally, other cell types such as Breg cells and DCs in the tumor microenvironment may express PD-1 and therefore be affected by PD-1 blockade.
PD-1 and CTLA-4 blockade may also affect T helper cell profiles directly or by influencing the microbiota.

BIOMARKERS OF ANTI-PD-1/CTLA-4
TREATMENT EFFICACY

Biomarkers are needed both before and during treatment to
identify the patients most or least likely to respond to immune
checkpoint inhibitor treatments in order to reduce inappropriate

drug exposure. Treatment response is defined as a reduction in
tumor size during the course of treatment. A number of factors
associated with disease prognoses in untreated patients are also
linked to immune checkpoint inhibitor response rates (Table 3).
For example, patients with smaller tumors or low serum lactate
dehydrogenase (LDH) levels at baseline have a better prognosis
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TABLE 3 | Biomarkers associated with favorable responses to immune checkpoint inhibitors.

Pre-treatment

Post-treatment

Tumor Tumor size and distribution (66)

Reduction in tumor size

High mutation burden but no innate anti-PD-1 resistance (IPRES) gene

signature (78, 86, 87, 96)

PD-L1 expression on tumor cells (only confirmed by some but not all

studies) (67, 108)

Tumor-infiltrating immune cells
PD-L1 expression by infiltrating cells (77)

Presence of CD8 + T cells inside the tumor or at the tumor margin (88)

Proliferation of intratumoral CD8 + T cells (38)

Increased Th1- and CTLA-4-associated gene expression (77).

Circulation High relative lymphocyte counts (109)
High relative eosinophil counts (109)
High serum TGF-B levels (91, 92)
Low serum LDH levels (66, 109)

Low levels of ctDNA (107)

Increased levels of ICOS + T cells (110)
Low neutrophil-to-lymphocyte ratio (110)
High levels of Th9 cells

A reduction in serum LDH levels (104)

A reduction in ctDNA (107)

Host genome Presence of HLA-A*26 allele (111)

and are also more likely to respond to anti-PD-1 treatment (66).
A reduction in LDH levels after treatment is also associated with
improved response (104). Circulating tumor DNA (ctDNA),
which contains melanoma-associated mutations and can be
released by dead tumor cells, can be detected in the serum of
some patients. CtDNA levels correlate strongly with tumor bur-
den and progression (105, 106). A recent study in advanced stage
melanoma patients treated with anti-PD-1 (alone or in combina-
tion with anti-CTLA-4) showed high treatment response rates in
individuals that were ctDNA negative prior to or after treatment
(107), making serum ctDNA an attractive biomarker before and
during immune checkpoint treatment.

For anti-PD-1 treatments, expression of PD-L1 within the
tumor microenvironment has been an obvious biomarker candi-
date. Although PD-L1 expression on tumor cells was correlated
with treatment efficacy in melanoma patients (67, 108), it was not
in patients with squamous cell carcinoma, non-small cell lung
cancer and Merkel cell carcinoma (70, 72, 74). Interestingly, one
study assessing the role of PD-L1 in both cancer cells and tumor-
infiltrating immune cells found that only in the latter context was
anti-PD-L1 treatment efficiency correlated with PD-L1 expres-
sion (77).

The presence of neoantigens on mutated tumor cells boosts
anti-tumor immunogenicity and improves treatment efficacy.
High genetic disparity between tumor cells and host cells is
therefore an indicator of checkpoint inhibitor treatment efficacy.
This was particularly noted in anti-CTLA-4-treated melanoma
patients whose tumors displayed neo-antigens (87) and similarly
in anti-PD-1-treated patients with colorectal cancers or non-small
cell lung cancers that were mismatch-repair deficient or had high
mutation rates, respectively (78, 86). Although overall mutational
burden is associated with improved response to anti-PD-1 treat-
ment, reduced responses were detected in melanoma patients
whose tumors displayed the IPRES gene signature (96). Antigen
presentation by the host may also play a role during anti-PD-1
treatment, as patients with the HLA-A*26 were more than twice
as likely to respond than patients negative for the allele (111).

Other pre-treatment immunological factors associated with
improved treatment responses include high eosinophil and

lymphocyte blood counts, an abundance of CD8* T cells infil-
trating the tumor or present at the tumor margin, and increased
serum TGF-f levels in melanoma patients treated with anti-PD- 1
(88, 91, 92, 109). Increased Th1l and CTLA-4 (but not FoxP3)
gene expression levels were also noted in responder patients
with various solid tumors (including melanoma) treated with
anti-PD-L1 (77).

A number of post-treatment immunological observations
have also been associated with improved immune-checkpoint
inhibitor responses. For example, patients more likely to respond
to anti-CTLA-4 treatment had increased numbers of inducible
co-stimulatory molecule (ICOS) expressing T cells and lower
neutrophil-to-lymphocyte ratios (110). An increase in CD8*
T cell proliferation within the tumor lesion and an increased
frequency of Th9 cells in the patients’ circulation were also associ-
ated with treatment response (88, 91, 92).

Taken together, many of these studies indicate that immune
checkpoint inhibitors are most effective in patients who
already display anti-tumor immune processes prior to therapy.
However, not all biomarkers listed here may be equally effective,
and patients may still respond to treatment despite contrary
biomarker-based predictions. Further, accessing tumor tissue
may be difficult in many patients, especially after treatment, and
less invasive blood-based “liquid biopsies” may therefore be more
appropriate. Importantly, it has been shown that investigating
several biomarkers in combination can improve treatment pre-
dictions (109). Although the recently discovered ctDNA seems
to be a particularly promising biomarker candidate, more studies
are needed to identify more effective biomarkers or biomarker
combinations, in order to devise the most appropriate treatment
strategy for each patient.

LIMITATIONS OF IMMUNE CHECKPOINT
INHIBITORS

Although immune checkpoint inhibitor treatment may be effec-
tive initially, many patients will eventually relapse and develop
tumor progression. A number of studies have therefore sought
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to understand the mechanisms by which anti-PD-1 and anti-
CTLA-4 treatments lose their efficacy.

The selection pressure caused by checkpoint inhibitor treat-
ment may give rise to tumor cells that can evade immunomedi-
ated recognition and deletion through new pathways. Tumor cells
from patients refractory to anti-PD-1 treatment, for example,
were recently shown to have acquired mutations making them
less susceptible to T cell-mediated killing via loss of IFN-y
response elements or MHC class I (6).

Anti-PD-1 or anti-CTLA-4 treatment may also cause upregu-
lation of other inhibitory receptors. For example, patients with
melanoma or prostate cancer exhibited upregulation of the
inhibitory receptor V-domain Ig suppressor of T cell activation
(VISTA) on various tumor-infiltrating immune cells after anti-
CTLA-4 treatment (112). Another study noted the upregulation
of the inhibitory receptor TIM-3 (but not VISTA) on the surface
of T cells in anti-PD-1-treated mice with lung cancer as well
as TIM-3 upregulation on T cells in adenocarcinoma patients
refractory to PD-1 treatment (113).

Most recently, a study revealed another unexpected resistance
mechanism to anti-PD-1 therapy in mice whereby tumor-
associated macrophages removed the therapeutic antibody from
the surface of the T cells in vivo, thus making them once again
susceptible to inhibitory signaling through the receptor. This
phenomenon could be partially overcome by administration of
Fc-receptor blocking agents prior to treatment (114). A better
understanding of the mechanisms limiting the effectiveness of
immune checkpoint inhibitors will therefore allow improvement
of future treatments.

FUTURE AVENUES: EXPANDING THE
IMMUNE CHECKPOINT INHIBITOR
TREATMENT REPERTOIRE

PD-1 and CTLA-4 blocking agents are not effective in all patients,
and even those patients who do respond initially can relapse,
highlighting the need for improved or alternative treatments.
Alternative inhibitory receptors have been identified that may
also be targeted for anti-tumor immune therapy. These include
the TIM-3, LAG-3, TIGIT, and B- And T-Lymphocyte- Associated
Protein (BTLA) receptors associated with T cell exhaustion as
well as VISTA, a receptor found on tumor-infiltrating myeloid
cells, whose inhibition promoted anti-tumor immune responses
in murine models, and CD96, which has been shown to inhibit
NK cell activity in murine cancer models (115-117).
Combinations of immune checkpoint inhibitors with each
other or with other treatments are also being explored. Indeed,
the combination of anti-CTLA-4 with anti-PD-1 treatments
showed superior efficacy compared to individual administra-
tion, but was also associated with an increase in side effects.
The tryptophan-metabolizing enzyme IDO inhibits T cell
function, and combining IDO-blocking agents together with
immune checkpoint inhibitors has shown promising results in
mice and is also currently undergoing clinical trials in humans
(105, 118). Macrophages may also interfere with anti-tumor
immunity or even directly restrict therapeutic antibodies (114).

Their depletion through a Colony stimulating factor-1 receptor
(CSF-1R) inhibitor is therefore being explored in clinical trials
together with anti-PD-1, after having shown efficacy in a glioblas-
toma mouse model (119). Anti-tumor T cell function induced
by PD-1 blockade in mice could also be improved by a targeted
increase in mitochondrial function (120).

Because immune checkpoint inhibitors work by removing
brakes on the immune system rather than directly boosting
immune function, patients may also benefit from combination
therapies that include immunostimulatory substances. Mouse
melanoma models, for example, have shown that the combination
of anti-CTLA-4 with cytokines such as granulocyte-macrophage
colony-stimulating factor (GM-CSF) or with agonistic antibod-
ies targeting costimulatory receptors such as CD40, increased
tumor rejection in a synergistic manner (121, 122). The geneti-
cally modified herpes simplex virus talimogene laherparepvec is
designed to replicate in tumor cells and to release GM-CSEF, thus
attracting immune cells into the tumor environment. The virus
has been tested in recent clinical trials in combination with either
CTLA-4 or PD-1 in advanced-stage melanoma patients, resulting
in increased treatment response rates compared to the immune
checkpoint inhibitors alone (123, 124).

Even modulation of the gut microbiome may improve
immune checkpoint inhibitor-based therapies. Administration
of intestinal Bifidobacteria alone was associated with reduced
tumor growth in a murine B16 melanoma model by promoting
dendritic-cell mediated CD8" T cell responses. Importantly, the
administration of these bacteria also added to the therapeutic
effect of anti-PD-1 treatment in these mice (125). In a similar
study, administration of B. fragilis to sterile mice treated with
anti-CTLA-4 resulted in reduced tumor growth, most likely by
inducing a favorable shift toward Th1 responses (97). Studies in
humans were further able to link the presence of fecal A. mucin-
iphila, Ruminococcaceae, and Faecalibacterium to a favorable out-
come to anti-PD-1 treatment (98, 126) Together, these findings
suggest that human patients too may benefit from appropriate
management of their intestinal flora while undergoing immune
checkpoint inhibitor treatment.

A wide range of promising new avenues are therefore currently
being explored, although their clinical efficacy remains to be
confirmed by ongoing and future clinical trials.

CONCLUDING REMARKS

Although PD-1 and CTLA-4 targeting therapies have been able
to increase average life expectancy for cancer patients, mortality
remains high among advanced-stage patients, highlighting the
need for further innovation in the field. Both anti-PD-1 and anti-
CTLA-4 therapies appear to be more effective in patients with
pre-existing anti-tumor immunity, suggesting that, in patients
without such immunity, these drugs are unable to mediate anti-
tumor immune responses de novo. However, as our understand-
ing of the mechanisms of these drugs improves, avenues are being
opened to improve their use not only by specifically targeting
those patients who are most likely to respond through appropri-
ate biomarker screening procedures, but also by pairing currently
used immune checkpoint inhibitors with other complimentary
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drugs to help those patients unable to respond to the current
regimens.
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Cutaneous squamous cell carcinoma (SCC) is one of the common cancers in
Caucasians, accounting for 20-30% of cutaneous malignancies. The risk of metastasis
is low in most patients; however, aggressive SCC is associated with very high mortality
and morbidity. Although cutaneous SCC can be treated with surgical removal, radiation
and chemotherapy singly or in combination, the prognosis of patients with metastatic
SCC is poor. Recently, the usage of immune checkpoint blockades has come under
consideration. To develop effective therapies that are less toxic than existing ones, it
is crucial to achieve a detailed characterization of the molecular mechanisms that are
involved in cutaneous SCC pathogenesis and to identify new drug targets. Recent
studies have identified novel molecules that are associated with SCC carcinogene-
sis and progression. This review focuses on recent advances in molecular studies
involving SCC tumor development, as well as in new therapeutics that have become
available to clinicians.

Keywords: cyclin-dependent kinase, mitochondria, Drp1, PD-1 antibody, epidermal growth factor receptor

INTRODUCTION

In light of today’s demographic aging, skin cancer is becoming more prevalent. Cutaneous squa-
mous cell carcinoma (SCC) is one of the most common cancers in Caucasian populations, and its
prevalence is increasing (1). Cutaneous SCC accounts for 20-30% of cutaneous malignancies (2, 3).
The risk of metastasis is low in most patients (2); however, aggressive SCC is associated with high
morbidity and mortality (4). Although cutaneous SCC can be treated with surgery, radiation, and
chemotherapy singly, or in combination, the prognosis of patients with metastatic SCC is almost
always poor (3, 5). Today, chemotherapy with cisplatin alone or combined with 5-FU is being
conducted with positive responses (6-9). However, the National Comprehensive Cancer Network
Guidelines describe the evidence regarding systemic therapies for distant metastatic cutaneous
SCC as limited. Recently, clinical trials on epidermal growth factor receptor (EGFR) inhibitors and
immune checkpoint blockers have shown promising results as treatments for SCC (10-12). This
review focuses on recent advances in molecular studies related to SCC tumor development and on
new therapeutics that have become available.

RECENT PROGRESS IN CUTANEOUS SCC THERAPEUTICS

Novel Targeted Therapies
Cutaneous SCC overexpresses EGFR; thus, EGFR is a promising target for therapies. Cetuximab,
an EGFR inhibitor, has been administered to cutaneous SCC patients. In some phase II studies,
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there have been good responses to cetuximab in patients with
locally advanced or regional SCC types (10, 13-15). However,
in distant metastatic diseases, it has been reported as ineffec-
tive. Also, tyrosine kinase inhibitors have been used to disrupt
EGFR pathways. Case reports on gefetinib and imatinib have
described slightly positive responses in cutaneous SCC patients
(16, 17). Also, a single-arm phase II clinical trial has shown
gefetinib to demonstrate modest antitumor activity in meta-
static or locoregionally recurrent cutaneous SCC, with limited
adverse events (18). Furthermore, bortezomib, a selective
inhibitor of the 26S proteasome, may have antitumor effects
in cutaneous SCC, although the mechanisms have not been
clarified (19).

Biological Modifiers

30 years ago, isotretinoin was reported to have efficacy as a treat-
ment for local advanced cutaneous SCC alone or in combination.
Interferons have also been used for local cutaneous SCC. A phase
II study on bio-chemotherapy with interferons, retinoids, and
cisplatin showed a positive response in 67% of locally advanced
SCC cases (20). However, the efficacy against metastatic cases
remains unclear.

Cytotoxic Chemotherapy

Regrettably, recent advances in cytotoxic chemotherapy have
been limited. Capecitabine, an oral prodrug of 5-FU, has been
used to treat cutaneous SCC (21). In head and neck SCC cases,
intra-arterial chemotherapy has been conducted as a neoadjuvant
therapy (22). To date, in cutaneous SCC, no obvious evidence for
positive responses has been reported, even though some cases
have been described in limited detail (23).

Immune Checkpoint Inhibitors

Recently, the US FDA approved PD-1 inhibitors (immune
checkpoint inhibitors) for head and neck SCCs with continued
progression during or after platinum chemotherapy (24, 25).
For cutaneous SCC, several case reports have shown immune
checkpoint inhibitors to have promising results. Patients with
advanced cutaneous SCC responded to anti-PD-1 (nivolumab
and pembrolizumab), and anti-CTLA-4 (ipilimumab) agents
(26-29).

Radiation With Chemotherapies or

Immunotherapies

Platinum-based chemotherapy has been combined with local
radiation. Cisplatin-based chemotherapy combined with concur-
rent radiation showed better results than cisplatin only (13, 30).
Neoadjuvant chemotherapies before radiation were also reported
to have promising results (31). Recently, the abscopal effect during
radiation therapy after the administration of immune checkpoint
inhibitors has been spotlighted. This effect is a phenomenon in
which local radiotherapy is associated with the regression of
metastatic cancer at a distance from the irradiated site (32). To
date, abscopal effects have been observed in melanoma patients
but not in cutaneous SCC. It is not clear whether these effects
will occur in cutaneous SCCs; however, combined therapies of

immune checkpoint inhibitors and radiation might have a syn-
ergistic effect.

Other Candidates

Human Papilloma Virus (HPV) in Cancer Cells

Until recently, the role of HPV in cutaneous SCC was not well
defined. However, a meta-analysis has found evidence that
HPYV is associated with cutaneous SCC (33). This systematic
review indicated that cutaneous SCC harbors HPV more than
normal skin does. Furthermore, an increase in HPV prevalence
has been observed in SCC tumors from immunosuppressive
patients. A study using an animal model showed that the
interaction between UVB and HPV infection strongly promotes
the development of cutaneous SCC (34). Furthermore, several
targeted therapies for HPV-associated head and neck SCC have
been tried (35); thus, HPV might be a promising target for
cutaneous SCC as well.

MicroRNAs (miRs) in Cancer Cells

MicroRNAs are short, non-coding RNAs that suppress the
expression of target genes. miRs can regulate various gene
targets, and they play a crucial role in biological mechanisms
(36). Certain miRs are associated with the onset and progres-
sion of cancers, suggesting that miRs could be targets for cancer
therapies. In cutaneous SCC, several miRs are reported to be
overexpressed or downregulated (36). miR-21 and miR-31
are upregulated in cutaneous SCC. The targets of these miRs
are PDCD4/GRHL3/PTEN and RhoTBT1, respectively
(36, 37). To inhibit the undesirable effects of up-regulated miRs,
the administration of complementary nucleic acids might be
a potential cancer therapy. By contrast, miR-1, miR-34a, and
miR-124 are downregulated in cutaneous SCC (36). These
miRs target important molecules of cell proliferation, which
tend to be activated in cancer cells. Thus, promoting the
over-expression of these miRs could be an option for cancer
therapies. Furthermore, various miR delivery systems have
been developed. Cheng et al. reported on pHLIP-mediated
miR delivery methods, in which miRs could be transported
across plasma membranes under the acidic conditions found
in solid tumors (38). As such, miRs are also promising targets
for cutaneous SCC as well as other tumors.

Cyclin-Dependent Kinase (Cdk) 16 in Cancer Cells
Recently, Cdk4/Cdké inhibitor (palbociclib) showed promis-
ing results for metastatic breast cancer (39, 40). Some Cdks
are overexpressed in cutaneous SCC; thus, Cdk inhibitors may
become a novel therapy option. Among Cdks, we have focused
on cyclin-dependent kinase 16 (Cdk16) (also known as PCTK1,
PCTAIRE1) and investigated its molecular functions. Cdk16
is a member of the Cdk family (41). Molecular functions for
CDK16 are reported to vesicular transport (42) and spermato-
genesis (43).

To investigate the role of Cdkl6 in cancerous cells, we
performed gene-knockdown experiments targeting Cdkl6
(44-47). In cell lines of cutaneous SCC, prostate cancer, breast
cancer, cervical cancer, and melanoma, knockdown of Cdk16
inhibited cancer cell proliferation, and induced apoptosis over
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time. But, no role for Cdk16 was observed in the proliferation
of non-transformed cells (IMR-90 and HaCaT cells). To iden-
tify target molecules of Cdk16, we performed yeast two-hybrid
screens with human Cdk16 protein as bait. We identified
tumor suppressor p27 as a Cdk16 interactor and demonstrated
that Cdk16 phosphorylates p27 at Serl0 by in vitro kinase
assays (46). The knockdown of Cdk16 modulated p27 (Ser10)
phosphorylation, leading to p27 accumulation in cancerous
cells. In tumor xenografts of cutaneous SCC cells, the induc-
ible conditional knockdown of Cdkl6 suppressed tumor
growth (47).

To evaluate the clinical importance of Cdk16, we also studied
primary tumor samples In primary tumors from the patients
with breast, prostate, cutaneous basal, or SCCs, Cdkl6 was
expressed more highly in cancer lesions than in normal tissues
(46-48). In prostate cancers, a comparison of Cdkl6 immu-
nostaining with Gleason grade revealed lower expression levels
in well-differentiated tumors than in less- differentiated tumors
(46). In breast cancers, Cdk16 expression was elevated in in situ
carcinomas and invasive cancers relative to the expression in
normal mammary epithelium. The significantly higher levels of
Cdk16 protein that are seen in invasive cancers are associated
with higher histologic grades (46). Moreover, we showed that
gene knockdown of Cdk16 sensitizes cancer cells to TNF-family
cytokines, such as Fas-ligand and TNF-related apoptosis-
inducing ligand (49).

To advance in vitro results on Cdkl16 silencing, we inves-
tigated the in vivo therapeutic potential by using siRNA
encapsulated with lipid nanoparticles (LNP) (50). Therapy of
Cdk16 siRNA was performed using colorectal cancer HCT116
cells and melanoma A2058 cells. Treatment with Cdk16 siRNA-
LNP reduced tumor volume and weight significantly. TUNEL
staining showed increased apoptosis of cancer cells treated with
Cdk16 siRNA.

These findings show an expected role for Cdk16 in regulat-
ing p27 expression and tumor proliferation (Figure 1). We
observed these functions for Cdk16 in various cancer cells
(cutaneous SCCs; basal cell carcinomas; prostate, breast,
and cervical cancers; and melanomas). This implies that the
p27 regulation by Cdk16 is a common machinery in human
cancers.

Dynamin-Related Protein 1 (Drp1) in Cancer Cells

We have also focused on the mitochondria-associated molecule
Drpl (51). Drpl regulates mitochondrial fission. Recently,
it was found to be associated with cancer cell proliferation in
melanoma and lung cancer (52, 53). Disrupted mitochondrial
networks induce cell cycle arrest and apoptosis (53, 54). Also,
Drpl has been reported as a prognostic factor in several
malignancies, such as lung adenocarcinomas and glioblastomas
(55, 56). Based on these previous studies, we investigated the
role of Drpl in cutaneous SCCs. Drpl gene-knockdown SCC
cells showed lower cell proliferation than control cells, as
assessed by cell counting and clonogenic assays. DNA content
Cell Cycle analysis showed Drpl knockdown to cause G2/M
phase arrest. Morphologically, the depletion of Drpl resulted
in an elongated mitochondrial network. The MEK inhibitor,
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FIGURE 1 | Model of the tumorigenic role of cyclin-dependent kinase 16
(Cdk16). In normal tissue (left), Cdk16 is required for spermatogenesis and
neuron differentiation. In cancer cells, including cutaneous squamous cell
carcinoma (SCC) cells (right), Cdk16 phosphorylates p27 at Ser10, thereby
promoting p27 ubiquitination/degradation, which leads to cell cycle
progression and decreased levels of apoptosis. An unknown mechanism
may also exist in the Cdk16-apoptosis pathway. Lipid nanoparticle-mediated
siRNA (LNP-siRNA) therapy against Cdk16 recently succeeded in a murine
xenograft model.
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FIGURE 2 | Diagram of dynamin-related protein 1 (Drp1) function in
cutaneous squamous cell carcinoma (SCC) cells. MAPK signaling activates
Drp1 via the phosphorylation of Drp1. The overexpression of Drp1 induces
mitochondrial fission, which results in cell growth and assists cell cycle.

PD325901, inhibited cell proliferation, as well as inhibiting
the phosphorylation of ERK1/2 and Drp1 (Ser616). PD325901
also caused the dysregulation of the mitochondrial network. In
tumor xenografts of DJM1 SCC cells, the knockdown of Drpl
suppressed tumor growth in vivo. Clinically, the expression
levels of Drpl were higher in cutaneous SCC specimens than
in normal epidermis, and those levels correlated positively with
advanced clinical stages. Our data reveal a pivotal function for
Drpl in mediating tumor growth, mitochondrial fission, and cell
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cycle in cutaneous SCCs (Figure 2), suggesting that Drp1 could
be a novel target for cutaneous SCC therapies.

CONCLUDING REMARKS

In the past 10 years, novel therapeutic agents for cutaneous
SCC have been developed. EGFR inhibitors and immune
checkpoint inhibitors have shown particularly promising results.
Furthermore, these novel treatments can be used a monothera-
pies or in combination with radiation; thus dermatologists and
oncologists will be able to choose better treatments depending on
conditions of the patient and the stage of the disease. Also, novel
targeting molecules and inhibitors have been developed.
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Merkel cell carcinoma (MCC) is a rare but aggressive skin cancer with frequent metas-
tasis and death. MCC has a mortality rate of 30%, making it more lethal than malignant
melanoma, and incidence of MCC has increased almost fourfold over the past 20 years
in the USA. MCC has long been considered to be an immunogenic cancer because it
occurs more frequently in immunosuppressed patients from organ transplant and HIV
infection than in those with immunocompetent. Chronic UV light exposure and clonal
integration of Merkel cell polyomavirus (MCPyV) are two major causative factors of
MCC. Approximately 80% of MCC are associated with MCPyV, and T cells specific for
MCPyV oncoproteins are present in the blood and tumors of patients. Several studies
have shown that a subset of MCCs express PD-1 on tumor-infiltrating lymphocytes and
express PD-L1 on tumor cells, which suggests an endogenous tumor-reactive immune
response that might be unleashed by anti-PD-1 or anti-PD-L1 drugs.

Keywords: PD-1, PD-L1, Merkel cell carcinoma, Merkel cell polyomavirus, UV

BACKGROUND

Merkel cell carcinoma (MCC) is a rare but highly aggressive neuroendocrine skin cancer, which
was described for the first time in 1972 as trabecular carcinoma of the skin (1). Based on the ultra-
structural proof of neuroendocrine granules and the expression of CK20 and CD56 (2-4), Merkel
cells were considered to be the source of MCC. However, the cells of origin of MCC remain a con-
troversial issue. Recent studies have suggested the origin of MCC may reside in epidermal/dermal
stem cells in the dermis (5) or in precursor B cells (6, 7). The incidence of MCC is rising steadily
and more than one-third of patients die of MCC, making it twice as lethal as malignant melanoma
(8). Risk factors for MCC include fair skin, chronic sun exposure, chronic immune suppression, and
advanced age (9-12). In the USA, age-adjusted incidence increased from 0.15 to 0.44 per 100,000
from 1986 to 2004 (13). Consistent with other UV-related skin cancers, incidence rate of MCC in
Queensland, Australia is higher than those in the rest of the world (age-adjusted incidence of 1.6 per
100,000) (14). The incidence of MCC in Asia is thought to be low, although no population-based data
are available (15, 16). The majority of MCC is associated with Merkel cell polyomavirus (MCPyV),
while the remaining is triggered by UV-mediated mutations (17, 18). MCPyV DNA integrates into
the host genome of approximately up to 80% of MCCs in the northern hemisphere, whereas its pres-
ence is much lower in other geographic regions such as Australia (~30%) (17, 19). Since several lines
of evidence indicate the outstanding immunogenicity of MCC, irrespective of MCPyV integration,
immune modulating treatment strategies are particularly attractive. Promising results from immune
checkpoint inhibitor therapy in first and second line are now available, which expands the treatment
armamentarium for MCC patients.

CLINICAL AND HISTOLOGICAL FEATURES

Merkel cell carcinoma presents as a firm, painless, rapidly enlarging, red-violet cutaneous nodule
with a smooth surface. The most frequently affected site is the head and neck region (50%), followed
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by the trunk (30%) and the limbs (10%), although MCC may
arise in any body site, including the mucosae (20-22). Heath
et al. developed the AEIOU acronym to define the clinical fea-
tures associated with MCC: asymptomatic/lack of tenderness,
expanding rapidly, immune suppression, older than age 50,
and UV-exposed site on a person with fair skin. In a study of
195 patients, 89% presented with three or more of the AEIOU
characteristics (23). MCC originates in the dermis and only occa-
sionally exhibits an epidermal involvement. Histopathological
characteristics of MCC include a monotonous population of
tumor cells with large prominent nuclei and scant cytoplasm
(24). Immunohistochemically, MCC is positive for EMA, CK20
with a perinuclear dot staining pattern, and neuroendocrine
markers including synaptophysin and chromogranin (3, 25-27).
Metastatic pulmonary small cell carcinoma can be excluded
when the tumor cells prove negative for TTF-1 (28). Unknown
primary MCC, which usually presents clinically positive nodal
disease with unidentified primary tumor, are likely to have a sig-
nificantly improved survival compared to those with concurrent
primary tumor (29-32). Recent reports showed that unknown
primary MCC had higher tumor mutational burden and lower
association with MCPyV than those with known primary (33), In
addition, nodal tumors from unknown primary MCC contained
abundant UV-signature mutations (33), suggesting underlying
immunological mechanism between regression of primary
tumor and better prognosis of unknown primary MCC.

ETIOLOGY

Like Kaposi’s sarcoma, immunocompromised patients with T-cell
dysfunction are more likely to be affected by MCC. For example,
patients with AIDS have an incidence rate that is 11-13 times
greater compared with the general population (11), and solid
organ transplant recipients are 5-10 times more likely to develop
MCC (34, 35). Also, case reports have described spontaneous
regression of MCC tumors after biopsy or an improvement in
immune function, further indicating a link to the immune system
(36-39). These data collectively suggested that MCC may be
linked to a pathogen and in 2008, MCPyV was discovered, and
it is now clear that this virus plays a key role in the majority of
MCC cases (17).

Merkel cell polyomavirus is a member of the polyomavirus
family comprised of non-enveloped, double-stranded circular
DNA viruses. MCPyV-specific antibodies have been detected
in 9% of children under 4 years of age, 35% of teenagers, and
80% of individuals 50 years or older (40), suggesting that it may
be part of the cutaneous microbiome (41). Interestingly, despite
this high prevalence, MCPyV has not been shown to cause any
disease other than MCC (42). MCPyV-related oncogenesis
requires integration of the viral genome into the host-genome
and mutation of the large T (LT) antigen that is required for viral
DNA replication (43). Indeed, MCPyV isolated from MCCs,
in contrast with MCPyV from non-tumor sources, present
mutations that are responsible for the premature truncation of
the MCV LT helicase (43, 44). These mutations do not affect
the Rb binding domain, but eliminate the capacity of the viral
DNA to replicate. In this way, the virus loses its capability to

replicate in MCC tumor cells, but continues to express motifs
that may potentially lead to uncontrolled proliferation (43, 45).
Prognostic significance of tumor viral status is still controver-
sial, but the largest cohort study so far including 282 MCC cases
(281 cases with available clinical data) showed that, relative
to MCPyV-positive MCC patients, MCPyV-negative MCC
patients had significantly increased risk of disease progression
(hazard ratio = 1.77, 95% confidence interval = 1.20-2.62) and
death from MCC (hazard ratio = 1.85, 95% confidence inter-
val = 1.19-2.89) in a multivariate analysis including age, sex,
and immunosuppression (46).

Merkel cell carcinoma development is also linked to expo-
sure to UV radiation, and primary MCC lesions preferentially
develop on sun-exposed skin (20, 21). The incidence of MCC
was determined to be 100-fold greater in patients who under-
went PUVA treatment (47). MCPyV-negative MCC is among
the most mutated of all solid tumors, including melanoma (18,
48-50). These mutations are mostly UV-signature mutations,
such as p53 and Rb, commonly resulting in loss of functional
protein expression (18, 49). The high mutational burden in
MCC correlates to frequent amino acid changes and large
numbers of UV-induced neoantigens (49). Despite significant
genetic differences, both MCPyV-positive and -negative MCC
exhibit nuclear accumulation of oncogenic transcription fac-
tors such as NFAT, phosphorylated CREB, and phosphorylated
STATS3, indicating commonly deregulated pathogenic mecha-
nisms (50).

TREATMENT

For patients with locoregional MCC, wide excision and/or com-
plete lymph node dissection and/or adjuvant radiation therapy is
usually recommended (51). Sentinel lymph node biopsy should
be considered for patients with clinically nodal negative patients,
although its impact on overall survival is still unclear (51-53).

Although cytotoxic chemotherapy (carboplatin or cisplatin
plus etoposide) has been commonly used to treat patients with
advanced MCC, responses are rarely durable and few studies
have shown a survival benefit (54-57). Early studies showed that
levels of intratumoral CD8+ T cells serve as predictors of MCC-
specific survival, with 100% survival reported for patients with
the highest level of CD8+ infiltrate compared to 60% survival in
those with little or no CD8+ infiltration (58, 59). Then MCPyV
oncoprotein-specific cells were found to be present in MCC
patient blood and enriched in their tumors (60), whose frequency
appears to increase with tumor burden (61). Importantly, signs of
dysfunction were evident in MCPyV-specific CD8+ T cells from
patients, as they expressed both PD-1 and Tim3, suggesting func-
tional exhaustion (61). MCPyV-negative MCC is also associated
with high levels of T-cell infiltrates (18). Although both MCPyV-
positive and -negative tumor cells express PD-L1, the expression
levels of PD-L1 in virus-positive tumors seem to be higher than
those in virus-negative tumors (18, 62). These findings, therefore,
provide rationale for immunotherapy targeting the PD-1 pathway
in advanced MCC.

A multicenter, phase 2, non-controlled clinical trial studied
pembrolizumab (anti-PD-1 Ab) 2 mg/kg every 2 weeks in
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TABLE 1 | Ongoing clinical trials in MCC (http://ClinicalTrials.gov).

NCT identifier Title Phase Intervention
NCT03071406  Randomized Study of Nivolumab + Ipilimumab + SBRT for Metastatic Merkel Cell Carcinoma 2 Nivolumab
Ipilimumab
SBRT
NCT02643303 A Phase 1/2 Study of In Situ Vaccination with Tremelimumab and IV Durvalumab Plus PolylCLC in 1/2 Durvalumab
Subjects with Advanced, Measurable, Biopsy-Accessible Cancers Tremelimumab
Poly ICLC
NCT02488759  An Investigational Immuno-therapy Study to Investigate the Safety and Effectiveness of Nivolumab, and 1/2 Nivolumab
Nivolumab Combination Therapy in Virus-Associated Tumors (CheckMate358) Ipilimumab
BMS-986016
Daratumumab
NCT02584829  Localized Radiation Therapy or Recombinant Interferon Beta and Avelumab with or without Cellular 1/2 Avelumab
Adoptive Immunotherapy in Treating Patients with Metastatic Merkel Cell Carcinoma Merkel cell polyomavirus TAg-
specific polyclonal autologous
CD8-positive T cells
Interferon beta, RT
NCT03271372  Adjuvant Avelumab in Merkel Cell Cancer (ADAM) 3 Avelumab
NCT02196961  Adjuvant Therapy of Completely Resected Merkel Cell Carcinoma with Immune Checkpoint Blocking 2 Ipilimumab
Antibodies Versus Observation (ADMEC-O) Nivolumab

26 patients with advanced MCC who had not received prior
systemic therapy. The objective response rate (ORR) to pem-
brolizumab among the 25 patients with at least one evaluation
during treatment was 56% including a 16% complete response
(CR) rate. Of the 14 responsive patients, the response dura-
tion ranged from at least 2.2 months to at least 9.7 months.
Overall, the trial had an estimated progression free survival
(PFS) of 67% at 6 months. Pembrolizumab was effective in
both MCPyV-positive and -negative tumors (ORR 62 and 44%,
respectively, not significantly different) (63). The preliminary
data from this trial led to pembrolizumab being listed as a
treatment option for disseminated disease in the 2017 NCCN
guidelines for MCC (64).

A multicenter, international, open-label, phase 2 clinical trial
studied avelumab (anti-PD-L1 Ab) in 88 patients with distant
metastatic disease who had previously received at least one line
of chemotherapy. This trial found an ORR of 33% with a CR rate
of 11%. At 6 months, PFS was 40% and the estimated PFS at
1 year was 30%. As with pembrolizumab, avelumab was found
to be effective in both MCPyV-positive and -negative tumors
(ORR 26 and 35%, respectively, not significantly different) (65).
Based on these results, FDA granted an accelerated approval for
avelumab as first-line treatment of patients with metastatic MCC
in March 2017. In the avelumab trial, a trend toward a higher
response rate was observed in patients with fewer lines of prior
treatment, which along with the pembrolizumab data strongly
suggest that immunotherapy targeting the PD-1 pathway should
be considered for first-line treatment in patients with advanced
MCC.

An international, single arm, open-label trial of nivolumab
(anti-PD-1 Ab) 240 mg/body every 2 weeks included both
patients who had and those who had not received prior chemo-
therapy (36 and 64%, respectively) is ongoing (NCT02488759;

CheckMate358). In this study, 15 of 22 patients (68%) had objec-
tive responses, and PFS at 3 months was 82%. Responses occurred
in 10 of 14 treatment-naive patients including 3 CR, in 5 of 8
patients including 5 partial responses with 1-2 prior systemic
therapies (63%) (Table 1). Based on the preliminary data from
this trial, nivolumab was listed along with avelumab and pem-
brolizumab as a treatment option for disseminated disease in the
2018 NCCN guidelines for MCC (51).

CONCLUSION

Advanced MCC is generally considered to be sensitive to chemo-
therapy, but responses are transient, offering a median PFS of
only 3 months (55). On the other hand, although no randomized
trials compare chemotherapy with immunotherapy, data from
treatment with immune checkpoint inhibitors are promising with
responses both in MCPyV-positive and -negative MCC, although
nearly half of patients do not derive durable benefit from these
drugs. Now that avelumab has been approved for treatment of
advanced MCC in the USA, EU, and Japan, the spectrum of cur-
rent therapy for patients with MCC is changing. Several clinical
trials of immune checkpoint inhibitors (anti-PD-1, PD-L1, and
CTLA-4 Abs) administered as monotherapy or in combination
with other agents or modalities are ongoing (Table 1) and may
provide further treatment options for patients with advanced
MCC in the near future.
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The most widely accepted treatment for cutaneous angiosarcoma (CAS) is wide local
excision and postoperative radiation to decrease the risk of recurrence. Positive surgical
margins and large tumors (T2, >5 cm) are known to be associated with poor prog-
nosis. Moreover, T2 tumors are known to be associated with positive surgical margins.
According to previous reports, the majority of CAS patients in Japan had T2 tumors,
whereas less than half of the patients in the studies from western countries did so.
Consequently, the reported 5-year overall survival of Japanese CAS patients without
distant metastasis was only 9%, lower than that for stage-IV melanoma. For patients
with T2 tumors, management of subclinical metastasis should be considered when plan-
ning the initial treatment. Several attempts to control subclinical metastasis have been
reported, such as using adjuvant/neocadjuvant chemotherapy in addition to conventional
surgery plus radiation. Unfortunately, those attempts did not show any clinical benefit.
Besides surgery, new chemotherapeutic approaches for advanced CAS have been intro-
duced in the past couple of decades, such as paclitaxel and docetaxel. We proposed
the use of chemoradiotherapy (CRT) using taxanes instead of surgery plus radiation for
patients with T2 tumors without distant metastasis and showed a high response ratio
with prolonged survival. However, this prolonged survival was seen only in patients who
received maintenance chemotherapy after CRT, indicating that continuous chemother-
apy is mandatory to control subclinical residual tumors. With the recent development
of targeted drugs for cancer, many potential drugs for CAS are now available. Given
that CAS expresses a high level of vascular endothelial growth factor (VEGF) receptor,
drugs that target VEGF signaling pathways such as anti-VEGF monoclonal antibody and
tyrosine kinase inhibitors are also promising, and several successful treatments have
been reported. Besides targeted drugs, several new cytotoxic anticancer drugs such
as eribulin or trabectedin have also been shown to be effective for advanced sarcoma.
However, most of the clinical trials did not include a sufficient number of CAS patients.
Therefore, clinical trials focusing only on CAS should be performed to evaluate the effec-
tiveness of these new drugs.

Keywords: cutaneous angiosarcoma, concurrent chemoradiotherapy, maintenance chemotherapy, adjuvant
chemotherapy, taxanes, eribulin, pazopanib, angiosarcoma of the scalp
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BACKGROUND

According to the Surveillance, Epidemiology, and End Results
Program database, the number of patients with sarcoma
recorded between 2010 and 2014 was only 1/100 of the num-
ber of patients with carcinoma in the same period. Moreover,
angiosarcoma accounts for only 1% of all sarcomas, so patients
with angiosarcoma constitute only 1 in 10,000 of all patients with
malignant neoplasms (1-3). Although the incidence of angio-
sarcoma has increased in the past couple of decades, it is around
0.5 per 1,000,000 persons, or fewer than 200 new patients, per
year in the United States (3). Owing to this rarity, most previous
publications have been case reports or small case series, mak-
ing it difficult to interpret the results because of the selection
bias and small number of patients included in those studies.
Furthermore, because of this rarity, no randomized phase-3
study has been conducted, especially for angiosarcoma, and
consequently, no clinical trial-proven standardized treatment
has thus far been established. Although complete removal of the
tumor was believed to be essential, as it is for other sarcomas
(4, 5), some reports have suggested that wide-margin surgery
will not deliver favorable results (6, 7). In this review, we will
summarize the clinical features and current treatments of angio-
sarcoma and discuss the possibility of new therapeutic options
for this rare disease.

CLINICAL PRESENTATION

Angiosarcoma develops in various soft tissues and organs, but
the most commonly affected site is the skin [cutaneous angio-
sarcoma (CAS)] (8-10). According to an analysis of 434 cases of
CAS, 62.1% of them developed in the head and neck, 24.4% in
the trunk, 10.6% in the extremities, and 2.7% in other locations
(11). CAS commonly occurs in the scalp and typically presents as
an enlarging bruise-like purpura in the head and neck region and
may be associated with ulceration and/or a tumor. Sometimes
patients develop a thick blood crust. These head and neck CAS
commonly develops in older men (12-14), whereas the second-
ary CAS, lymphedema-associated CAS [so-called Stewart-Treves
syndrome (15)] and radiation-associated CAS (11, 16), usually
develops within the lymphedema site and irradiated field >5 years
after the surgery and radiation, respectively (12, 16).

Stewart-Treves syndrome was originally reported as lym-
phedema that developed after radical mastectomy and lymph
node dissection (15), but in the past 15 years, we have never
encountered Stewart-Treves syndrome that developed after the
surgery for mammary carcinoma. Instead, in the same period,
we experienced three cases of Stewart-Treves syndrome that
developed in the lower limb after treatment for uterine carcinoma
(17). This may be explained by the fact that the number of patients
receiving conservative treatment for mammary carcinoma has
increased, and as a consequence, the prevalence of Stewart-
Treves syndrome in the upper extremity has decreased (18). On
the other hand, the occurrence of radiation-induced CAS in the
breast is likely to increase given that the prognosis for mammary
carcinoma is gradually improving and radiation is more often
used to treat (16).

While the incidence of Stewart-Treves syndrome is not well
known, it has been reported to be about 1/10 to 1/20 of all
CAS (19-22). Similarly, the cumulative incidence of radiation-
associated CAS 15 years after radiotherapy for breast carci-
noma was reported to be 0.9 per 1,000 patients (23), meaning
less than 1 occurrence per 10,000 irradiated patients per year.
In this review, considering its rarity and etiological difference,
we will focus mainly on primary CAS, the narrow sense of
CAS (24).

Distant metastasis could occur within a month of primary
surgery, but typically it occurs on average after a year (4, 5).
The most common site of metastasis is the lung, followed by
the lymph nodes, bone, and liver (4, 5, 25). Interestingly, lung
metastasis often presents as pneumothorax, which may require
urgent medication (26, 27).

DIAGNOSIS AND STAGING

Patients with typical presenting symptoms can be diagnosed clini-
cally, but the precise pathological diagnosis should be performed
by an expert pathologist. The histologic features of angiosarcoma
can vary between patients and even within the same patient.
When the tissue specimens are taken from well-differentiated
areas, the tumor cells usually form vessel-like structures and
may be difficult to differentiate from normal vessels. However,
the tumor vessels tend to form independent or separate networks
with anastomoses (28). Other features such as cellular atypia,
mitoses, and formation of multilayer endothelium can be helpful
for diagnosis. On the other hand, in poorly differentiated areas,
the tumor cells show sheet-like growth with hemorrhage and
necrosis, which have fewer features than do vascular tumors.
In such cases, positive staining for endothelial markers such as
CD31, CD34, von Willbrand factor, and vascular endothelial
growth factor (VEGF) are useful (29). Also, lymphatic endothelial
markers such as D2-40 are positive for most superficial angiosar-
comas (28).

The staging of CAS is based on the TNM staging system
of the American Joint Committee on Cancer (AJCC) (Table 1).
The tumor grade based on the pathologic features is included in
the staging. In brief, localized disease is classified as stage I or
II; nodal spread or T2 tumor with histologic grade 3, as stage
IIT; and distant disease, as stage IV. However, because there is no
standardized treatment algorithm for each stage, staging of CAS
has little clinical benefit in the treatment decision.

PROGNOSIS AND FACTORS ASSOCIATED
WITH SURVIVAL

Generally, soft-tissue sarcomas have a 50-60% survival rate (30),
whereas the 5-year survival rate for angiosarcomais <40% (12,25,
31, 32). Several factors are reportedly associated with poor
survival: older age (25, 32), worse performance status (33, 34),
larger tumor size (5, 8, 20, 32, 35-40), positive margin status
(31, 32, 38, 41, 42), higher histologic type or grade (32, 37, 41,
43, 44), scalp as the primary location (5, 36, 45), deeper location
of the tumor (20, 31), and presence of distant metastasis (33, 38,
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41, 46). On the other hand, the following factors were associ-
ated with favorable prognosis: surgery (20, 34), multimodal
therapy (5, 39, 41) and postoperative radiotherapy (34, 36,41, 43,
47, 48). The studies that included more than 50 patients with
CAS only are summarized in Table 2. According to these five
studies, tumor size seems to be a consistently poor prognostic
factor; indeed, patients with tumors larger than 10 cm all died
of the disease (35, 36).

A study by Sinnamon etal. (32) of 821 angiosarcomas included
211 cases of primary CAS in the head and neck. In their cohort,
all cases of metastatic disease were excluded and all the patients
received surgical treatment. They scored the following factors and
classified the risk from low (total score 0-1), intermediate (total
score 2-3), and high (total score 4-7): age > 70 as 1, black ethnicity
as 1, histologic tumor grade 3 as 1, tumor size 3-7 cm as 1, tumor
size larger than 7 cm as 2, microscopic residual tumor as 1, and
macroscopic residual tumor as 2. By using this model, patients
at high risk had a median overall survival of only 1.6 years with
a hazard ratio of 5.65 when compared with patients at low risk.

TABLE 1 | AJCC TNM staging system for soft tissue sarcoma.

0 1 2

T classification Size<=5cm Size>5cm

a: superficial tumor, b: deep tumor (divided by superficial fascia)

No nodal Nodal
N classification
metastasis | metastasis
No distant Distant

metastasis | metastasis

M classification

Stage T N M Histologic grade
A 1a/b
| 1 or not assessed
B 2a/b
| A 1a/b 0 o 2o0r3
B 2a/b 2
" 2a/b 3
Any 1
Any
[\ Any Any 1

Histologic grading is defined as follows: (1) Differentiation: score from 1 to 3, (2) Mitotic
count: score from 1 to 3, and (3) Tumor necrosis: score from O to 2.

Sum (1) to (3) and determine grade as follows.

Gx: not assessed.

G1: total score of 2 or 3.

G2: total score of 4 or 5.

G3: total score of >5.

This result clearly indicates that these factors strongly correlate
with poor survival.

Reports from Japan and from western countries showed
differences in survival. In the study from Japan of 260
cases of CAS, the 5-year overall survival among patients
who could receive surgery was <20% (49) (median overall
survival: < 20 months), whereas in the studies from western
countries, it was 31-51% (5, 11, 25, 31, 40). CAS patients in
Japan had equivalent survival to the “high risk” group reported
by Sinnamon et al. (32), with a median overall survival of
1.6 years. This difference might be explained by the fact that the
tumor size in Japanese patients is generally large: in the study
of 260 CAS cases, 44% of the patients had tumors of at least
10 cm (originally, described as tumors larger than 100 cm?)
(49), whereas tumors larger than 5 cm (T2) constituted only
18-38% of the patients in the studies from western countries
(5, 11, 25, 40). Our multicenter study, which included only
Japanese patients, was also T2 dominant: only 3 of 28 patients
(11%) had a T1 tumor (19). In the meta-analysis by Hwang
et al., which included 128 cases from seven studies (50), the
median overall survival in the T1 group was significantly
longer than that in the T2 group (31.4 monthsand 17.3 months,
respectively: P < 0.001). Collectively, Japanese CAS patients
have larger primary tumors than do CAS patients in western
countries, and consequently, the survival of Japanese CAS
patients is shorter.

TREATMENT

Current Treatment Options

Surgery

Radical surgery with no residual tumor cell on the margin
(RO resection) is generally the primary goal of sarcoma treatment.
In every review or set of guidelines, surgery with RO resection is
recommended as the goal of CAS treatment (28). In a system-
atic review by Shin et al. (51), absence of surgery was shown to
correlate with poor survival; Trofymenko et al. (52) reported
similar result in a study using 764 cases of CAS extracted from
the National Cancer Database in the United States. Therefore,
there is little doubt that surgery is one of the best choice for the
management of CAS.

TABLE 2 | Reported factors associated with poor survival determined by studies with >50 patients in CAS.

N Age Tumor size Pathological feature Margin Location Others
Albores-Saavedra et al. (11) 434 >50 N.S. Head and neck Lymph node metastasis
Deeper location Distant metastasis
Perez et al. (40) 88 N.S. >5cm N.S.
Holden et al. (36) 72 N.S. >5cm N.S. N.S.
>10cm
Guadagnolo et al. (5) 70 >5cm N.S. Surgery alone
Satellitosis
Patel et al. (25) 55 >70 N.S. N.S. N.S. Without multimodality

or radiation therapy

N.S., not significant; PS, performance status.
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Although no standardized treatment recommendation has
been established, a margin of less than 1 cm is associated with
poor survival (49). The depth of the resection has not been
well discussed, but generally if the tumor does not extend into
the deep fascia, a resection layer including the deep fascia is
adequate. If the tumor directly invades into the deep fascia,
removal of the underlying structures, e.g., the periosteum
or even the outer shell of the skull, is required to obtain RO
resection.

Unfortunately, it is common to see positive microscopic (R1)
or macroscopic (R2) margins even after a wide surgical margin
from the visible tumor border has been obtained (4, 8, 31,
36, 41). Pawlik et al. (4) reported that in their series of 29
patients, 18 (62.1%) had an initial diagnosis of T1 (<5 cm)
tumor, but 11 of those tumors turned out to be T2 (>5 cm)
after surgical pathology evaluation of the resected tumor. The
clinical margin of the tumor in CAS is difficult to determine
because it often develops as a multifocal tumor and presents
as a skip lesion. Moreover, when CAS develops near important
structures such as the eye, surgical removal with an adequate
margin is impossible. As a consequence, the rate of local recur-
rence after treatment is high reportedly ranging from 26 to
100% (5, 9, 25, 41). Lahat et al. (53) reported 32 of 44 cases
of locally recurrent angiosarcoma treated with surgery, 70% of
which achieved complete removal of the recurrent tumor, with
a 5-year overall survival of 44%.

To reduce local recurrence, postoperative radiotherapy
covering a wide area with a >50 Gy dose has been reported by
several studies to be effective not only for local control but also
for overall survival (4, 5). Currently, wide local excision followed
by radiation is the most accepted treatment for CAS (28, 54, 55);
however, despite such mutilating multimodal treatment, survival
of patients, especially of those with large tumors, is still unsatis-
factory (19, 32).

Other than radical surgery, palliative surgery might have role in
patients with large tumors to reduce the tumor load. Some reports

suggested the use of minimal surgery as part of the management
of CAS (6, 56), such as for those cases with a diffuse lesion pattern
involving vital structures, recurrent disease, or metastasis.

Chemotherapy

The chemotherapeutic options currently available for angiosar-
coma are listed in Table 3. Chemotherapy using anthracyclines
alone or in combination with ifosfamide have been used for
unresectable and metastatic angiosarcoma (35,57, 58). However,
anthracyclines have cardiac toxicity which make it difficult to
apply in older patients. Taxanes, which inhibit tubulin elonga-
tion, were introduced in the 1990s as a novel cytotoxic drug
and have become accepted as standardized treatment options
in various kinds of cancers such as those of the breast (59), lung
(60), stomach (61), and uterus (62), because of their high effi-
cacy. Although several clinical studies have shown that taxanes
are of little benefit for sarcomas (63, 64), the angiosarcomas
included in those clinical studies showed antitumor activity
(64). Taxanes not only have a direct antitumor effect but also
have been shown to exert an antiangiogenic effect (65, 66),
which is thought to be suitable for the treatment of vascular
tumors. Indeed, taxanes were shown to be effective for the treat-
ment of Kaposi sarcoma (67, 68).

In 1999, Fata et al. (69) achieved a response ratio of 89% by
using paclitaxel monotherapy for the treatment of head and neck
CAS. Later, Penel et al. (70) conducted the first phase-2 trial for
metastatic or locally advanced angiosarcoma, which included 30
patients treated with paclitaxel. In that clinical trial, the progres-
sion-free survival rate after 4 months was 45%, and the median
overall survival was 8 months. Considering that the patients with
distant metastasis consisted of 74% of the study population and
36% of them had had previous systemic chemotherapy, this result
was encouraging. Italiano et al. (71) showed, albeit in a retrospec-
tive study, that paclitaxel achieved an equivalent outcome to that
of anthracyclines in the treatment of advanced angiosarcoma
despite the patients treated with paclitaxel being a decade older

TABLE 3 | Chemotherapy options and their effect for angiosarcoma.

Agent Patients

N Response/median survival (months)

Anthracyclines
Young et al. (58)

Pooled analysis of 11 clinical trials for angiosarcoma from all sites

108 Response ratio: 25% for all sites
PFS: 4.9, 0S: 9.9

Paclitaxel Retrospective review of angiosarcoma from all sites 34 Response ratio: 29.5% for all sites
ltaliano et al. (71) 68 Response ratio: 53% for all sites Response ratio: 78% for CAS
ANGIOTAX study: phase-2 study including angiosarcoma from all sites 30 Response ratio: 18% for all sites Response ratio: 89% for CAS
Penel et al. (70)
ANGIOTAX plus study: phase-2 study comparing paclitaxel with/without 24 Response ratio: 45.8% for all sites
bevacizumab from all sites (showing paclitaxel arm only) PFS: 6.6, 0OS: 19.5
Ray-Coquard et al. (74)
Retrospective study for head/neck CAS 9 Response ratio: 89% for CAS
Fata et al. (69)
Docetaxel Retrospective study for CAS 9 Response ratio: 67% for CAS
Nagano et al. (101)
Gemcitabine Retrospective study with angiosarcoma from all sites 25 Response ratio: 64% for all sites

Stacchiotti et al. (76)

PFS: 7, 0S: 17

PFS, progression-free survival; OS, overall survival; CAS, cutaneous angiosarcoma.
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than those treated with anthracyclines (67.4 and 57.4 years old,
respectively). Collectively, taxanes can achieve a similar level
of antitumor effect to that achieved by anthracyclines, but with
less toxicity, and therefore, a recent report (72) suggested using
taxanes as the first-line treatment for CAS with unresectable or
distant disease. Indeed, we reported (17, 73) successful treatment
results using taxanes as the first-line therapy for primary CAS.

Because both taxanes have been reported to be effective,
the decision about which taxane to use as the first-line might
be difficult. In this review, we recommend paclitaxel as the
first-line treatment since paclitaxel has been evaluated in dif-
ferent phase-2 studies (70, 74), whereas docetaxel has not yet
been evaluated in a prospective study. However, docetaxel still
has a role as a second-line therapy in patients refractory to
paclitaxel (75).

Gemcitabine has been reported to be effective for sarcomas
both as a single agent (76, 77) and in combination with docetaxel
(78, 79). Several case series (77, 80) have been reported in which
gemcitabine for the treatment of angiosarcoma was used with
favorable outcomes. Moreover, albeit in a study based on a ret-
rospective pooled analysis (76), gemcitabine showed an overall
response rate of up to 68% for angiosarcoma (76). If this agent
is used as monotherapy, the toxicity profile is better than that of
anthracyclines but still has a significant incidence of bone mar-
row suppression.

Radiation

Radiation is usually delivered after surgery for better local con-
trol (28, 54, 55). However, dismal outcome have been reported
when radiation was used as monotherapy (5, 38, 43). Therefore,
radiation monotherapy is generally used for palliation, not for
curative intent because of frequent recurrence, as high as 100%
in previous studies (25, 36, 42, 43). On the other hand, Ogawa
etal. (34) reported that in their cohort of 25 patients who received
radiation monotherapy with curative intent, 11 of the 14 patients
(79%) who received >70Gy achieved local control, whereas only
3 of the 11 patients (27%) who received <70 Gy did. A study
by Scott et al. (81) of 41 patients treated with radiation recom-
mended at least 60-65 Gy for the postoperative tumor bed and
70-75 Gy for patients who receive radiation monotherapy. Others
(82) suggested that improved delivery of radiation might achieve
higher efficacy. Since no prospective study has been conducted
to evaluate the role of radiation as the first-line therapy, radiation
monotherapy is still difficult to use as curative intent therapy
for primary disease. We will discuss combination radiation and
chemotherapy in the next section.

New Treatment Options

Chemoradiotherapy (CRT)

The use of chemotherapy and radiation (CRT) concurrently or
concomitantly is one of the standardized treatment methods for
several cancers: esophageal (83), head and neck (84), rectal (85),
and cervical (86). Chemotherapeutic agents such as 5-fluoro-
uracil (84, 85), cisplatin (87), gemcitabine (88), and taxanes
(89, 90) are expected to act not only as cytotoxic but also as
radiosensitizing agents. Therefore, CRT may sometimes cause
higher toxicity than does monotherapy but can be justified by

its high antitumor effect, and in most cases, such side effects are
manageable. Besides, although many cancer treatments intro-
duced CRT as one of the key treatments, it was an uncommon
method among cutaneous malignancies. In such a situation,
we started to use cisplatin and 5-fluorouracil concurrently
with radiation for the management of unresectable/metastatic
cutaneous squamous cell carcinoma with the same protocol
used in the head and neck and reported successful treatment
results (91-93).

As described previously, a Japanese retrospective study of
CAS (49) revealed that the median overall survival of patients
with non-metastatic localized CAS who received surgery was
less than 20 months, but this finding was not surprising because
we have reported a similar dismal outcome (13.5 months) (19).
We suspected that increased expression of VEGF during the
wound healing process (94) caused by mutilating surgery might
cause progression of residual angiosarcoma because angiosar-
coma has been reported to express a VEGF receptor (95-97).
As discussed in the previous section, tumor size is the most com-
mon factor for poor prognosis, which is commonly related to a
positive surgical margin. Therefore, it is convincing to consider
that such subclinical residual tumors could be expanded by VEGF
released by surgery.

In such a situation, a retrospective study (47) of use of chemo-
therapy (anthracyclines) and radiation for five head and neck
CAS (four scalp and one lip, three of them with high-grade
tumors) was reported and achieved a median overall survival of
27.0 months, which was better than the reported median sur-
vival of face and scalp CAS (<20 months) (6, 36, 45). However,
there was a concern related to use of anthracyclines for older
CAS patients for whom the drug might not be tolerable. On the
other hand, taxanes have a better toxicity profile, and therefore,
we expected that older CAS patients could tolerate it. Moreover,
taxanes are known as radiosensitizers (89, 90), and therefore,
possibly an ideal agent for CRT for the treatment of CAS.

The reported cases of CAS treated with CRT are described in
Table 4. Because the study by Mark et al. (47) did not describe
the timing of the chemotherapy, we could not determine whether
they used chemotherapy concurrently or concomitantly with
radiation. In the study by Miki et al. (98), 5 of the 12 patients
who received docetaxel, the schedule was adjusted so that the
drug was administered concurrently only on the first and last
weeks of radiation. Another seven patients received docetaxel
for 2-6 weeks during radiation in accordance with patient status.
All the patients in the other two studies received chemotherapy
and radiation concurrently (19, 98, 99). Most of the arms are
composed of scalp CAS, which correlated with poor survival. The
response to CRT was 82% (98) and 94% (19), with a statistically
higher median overall survival than that of surgery followed by
radiation in both studies. Representative photographs of patients
who received CRT are presented in Figures 1A-D.

Concurrent CRT brings severe side effects than when each
treatment is delivered as monotherapy. In our study, 78% of
the patients who received concurrent CRT had CTCAE grade-4
neutropenia, but the neutropenia was made manageable by
use of granulocyte-colony stimulating factor and no treated-
related death was observed (19). In the study by Miki et al.
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TABLE 4 | Study using chemotherapy and radiation therapy for CAS.

Study N Patients tumor location/size Treatment RT dose Response/pattern of failure Median OS (months)
Mark et al. (47) 5 Scalp: 4 and Face: 1 Anthracyclines 30-76.2 Gy Response ratio: N.D. 27.0
Size not described Local: 2/5
Distant: 2/5
4 Scalp: 1 and Face: 3 Surgery 50-65 Gy Local: 1/4 Not reached
Size not described Distant: 0/4
Rhomberg et al. (99) 1 Scalp/face: 1 Razoxane 35-66 Gy CR 41
T2 Vindesine Alive without failure
Miki et al. (98) iR Docetaxel 70 Gy Response ratio: 82% 33.7
Scalp: 16 and Face: 1 Local: 4 ] %
5 T1:1andT2: 15 Surgery/IL-2 Distant: 5 20 7
Both: 4
Our study (19) 16 ) Docetaxel Response ratio: 94% Not reached
Scalp: 14, and Extremity: 2
T1:2and T2: 14 Local: 6
12 an : . -
<65Gy:12 Distant: 7
265Gy:16 i
12 Scalp: 10, extremity: 2 Surgery Only 1 patient still alive 15.0
T1:2and T2: 10
*P < 0.05.
P < 0.01.
OS, overall survival; CAS, cutaneous angiosarcoma; N.D., not described; IL-2: interleukin-2.
TABLE 5 | Maintenance chemotherapy after primary therapy.
Study N Tumor location Primary RT dose Maintenance Pattern Median OS
chemotherapy chemotherapy and duration of failure (months)
(months)
Nagano et al., 2007 (101) 9 Scalp: 6, Face: 1 Docetaxel - Docetaxel 3-22 Local: 4 Not described
Neck: 1, Leg: 1 MD: 13.5 Distant: O
Rhomberg et al. 2009 (99) 5 Thyroid: 4, Scalp/ Razoxane 35-66 Gy Razoxane 6 weeks-36 Local or 27.0
face: 1 Vindesine MD: 56 Gy Vindesine MD: 12 distant: 2
Our study 9 Scalp: 7, Limb: 2 48-80 Gy Docetaxel 3-50 Local/LN: 3  Not reached
2014 MD: 70 Gy MD: 12.5 Distant: 2 -|**
Docetaxel 1
7 Scalp: 7 52.5-70.4 Gy Not done Local: 4 21.0
MD: 70 Gy Distant: 5
*P<0.01.

RT, radiotherapy; MD, median; OS, overall survival.

(98), all the patients developed grade 1-3 dermatitis but healed
uneventfully.

Taking these finding together, CRT using taxanes could
achieve satisfactory antitumor activity with good tolerability
and might bring better survival than does conventional surgery
followed by radiation especially for CAS of the scalp. Although
the use of taxanes concurrently might bring severe side effects,
we suggest concurrent CRT to gain maximum antitumor effect as
long as the side effects are tolerable and manageable.

Maintenance Chemotherapy

To prevent locoregional and distant failure after response to
chemotherapy, some previous report continued chemotherapy
to maintain the response. Gambini et al. (100) achieved complete
remission of radiation-induced angiosarcoma after treatment
with paclitaxel and maintained the response for 4 years by
maintenance therapy with intervals of no longer than 3 weeks.
Interestingly, they had local recurrence twice when the treatment
was delayed, but in both instances, a new complete remission

was rapidly achieved with the same treatment and the patients
remained disease-free at the time of their report. Nagano et al.
(101) reported nine CAS patients treated with docetaxel, eight
of whom continued docetaxel for 3-22 months (Table 5). None
of the patients developed distant metastasis during maintenance
chemotherapy. Rhomberg et al. (99) treated nine patients with
angiosarcoma (five with thyroid, one with left ventricle, one with
bladder, and one with scalp/face) with concurrent CRT using
razoxane and vindesine. Complete remission of the tumor was
obtained in six patients, five of whom received maintenance
chemotherapy for 6 weeks to a year. Of those five patients, two
developed recurrence but only one developed it during the
maintenance chemotherapy.

In our study (19), 16 CAS patients were treated with concur-
rent CRT and 9 of them received maintenance chemotherapy.
Locoregional relapse was seen in three of the nine patients who
received maintenance chemotherapy, whereas it was seen in
four of the seven patients who did not receive it. On the other
hand, only two of the nine patients who received maintenance

Frontiers in Oncology | www.frontiersin.org

68

March 2018 | Volume 8 | Article 46


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive

Fujisawa et al.

New Treatment Options for CAS

FIGURE 1 | Representative cases of CAS treated by concurrent CRT.

chemotherapy developed distant metastasis, whereas five of the
seven patients who did not receive maintenance chemotherapy
did develop distant metastasis (P < 0.05). A study by Ito et al.
(75) showed that 19 patients who received maintenance chemo-
therapy using taxanes had significantly better survival than did 24
patients who received maintenance chemotherapy without taxa-
nes (P < 0.0024) Collectively, maintenance chemotherapy after
remission obtained by CRT seems to suppress tumor regrowth
and development of distant metastasis. However, there is no
consensus as to how long this maintenance chemotherapy should
be continue. Further investigation is needed to determine the
optimal length of maintenance chemotherapy.

Adjuvant/Neoadjuvant Chemotherapy

The use of adjuvant chemotherapy after complete removal of the
tumor is attractive because we experience many CAS patient who
develop distant metastasis even though there is no locoregional
failure. However, anthracycline-based adjuvant chemotherapy
did not show any survival benefit in soft tissue sarcomas (102).
Indeed, we could not see any survival benefit in CAS patients by
using taxanes after surgery and radiation (7). Similarly, adjuvant
chemotherapy did not show a clear benefit among angiosarcoma
patients treated with anthracyclines, paclitaxel, and other com-
binations (5, 6, 41, 44).

Some groups reported the use of chemotherapy before surgery
(neoadjuvant chemotherapy) but did not show any survival
benefit in face CAS (103) or in head and neck CAS (5). However,
a certain percentage of patients who received neoadjuvant
chemotherapy could achieve a complete response (60% in face
CAS (103)) and did not require definitive surgery. Thus, the effect
of neoadjuvant chemotherapy is difficult to interpret.

Since no large prospective study has been conducted to
evaluate the value of adjuvant and neoadjuvant chemotherapy,
those previous studies should be read with caution. However,
the largest retrospective analysis of CAS including 821 patients

indicated that both adjuvant and neoadjuvant therapy after
surgery did not show any survival benefit on univariate and
multivariate analyses (32). Further prospective study is required
to evaluate the role of adjuvant/neoadjuvant chemotherapy
for CAS.

New Drugs

Anti-VEGF Drugs

Angiosarcomas express VEGFR (95, 97, 104), and overexpres-
sion of VEGF converted slow-growing vascular endothelial
tumors to fast-growing malignant tumors in a mouse model and
formed invasive angiosarcoma in immunodeficient mice (105).
Conversely, blockade of the VEGF/VEGFR pathway inhibited
tumor growth in vitro (106). Therefore, it is reasonable for
the treatment to target the VEGF/VEGEFR signaling pathway.
Several studies using anti-VEGF monoclonal antibody (beva-
cizumab) have shown antitumor activity in angiosarcomas: 4
of 30 patients treated with bevacizumab had a partial response,
with a mean time to progression of 26 weeks (107), and 2 of 2
patients treated with bevacizumab and radiation had a complete
response (108).

On the basis of this background, Ray-Coquard et al. (74) con-
ducted a non-comparative, open-label, randomized phase-2 trial
to explore the activity and safety of bevacizumab and paclitaxel
therapy for patients with advanced angiosarcoma. Fifty patients
were randomized and assigned to two arms: (1) the paclitaxel
alone or (2) the paclitaxel and bevacizumab arm. From the
findings, they concluded that there is no benefit from adding
bevacizumab to paclitaxel (median overall survival: 19.5 versus
15.9 months).

Other than monoclonal antibody, two small-molecule multi-
tyrosine kinase inhibitors that can inhibit the VEGF/VEGFR
signaling pathway have been used for the treatment of angiosar-
coma patients: sorafenib (109) and pazopanib (110). A phase-2
trial including 37 patients with recurrent or metastatic angiosar-
coma treated with sorafenib showed a response ratio of 14% with
median progression-free survival of 3.8 months (111). No clinical
trial to evaluate pazopanib activity in angiosarcoma has been
conducted. In a case series using pazopanib for the treatment
of taxane-resistant CAS, two of five patients achieved a partial
response with median progression-free survival of 94 days (112).
On the other hand, a case series of eight CAS patients treated with
pazopanib did not show any benefit (113). Although we do not
have enough conclusive evidence, the current first-line treatment
should still be taxanes and anti-VEGF pathway therapy should be
considered as the second- and third-line therapy.

Eribulin Mesylate

Eribulin mesylate suppresses microtubule polymerization and
sequesters tubulin into nonfunctional aggregates, which is a
mechanism distinct from those of other tubulin-targeting drugs
such as taxanes (114). A phase-3 study comparing dacarbazine
and eribulin in patients with advanced liposarcoma or leiomyo-
sarcoma showed improved survival in patients treated with eribu-
lin (115). This phase-3 study did not include angiosarcoma, and
therefore, we do not have any evidence on the effect of eribulin for
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angiosarcoma. However, both taxanes and eribulin target micro-
tubule polymerization, and eribulin binds to a different site of the
microtubule (116), indicating that it may be effective for patients
who become resistant to taxanes. Albeit in a case report, eribulin
was shown to be effective for a patient who became resistant
to docetaxel (117). Currently, we are conducting a prospective,
observational clinical study to evaluate eribulin in patients with
CAS who became resistant to taxanes (UMIN000023331); patient
enrollment for this study is expected to be completed in 2018.

Checkpoint Inhibitors

Recent development of checkpoint inhibitors in melanoma treat-
ment dramatically improved the survival of advanced melanoma.
Melanoma with higher expression of programmed death receptor
ligand-1 (PD-L1) correlated with a better treatment outcome
when using anti-PD-1 antibody (118). This result supports the
notion of a proposed immune escape mechanism by tumor cells
using their PD-L1 expression on the cell surface to bind PD-1
on cytotoxic T cells and attenuate the immune response (119).
Interestingly, our study group showed that CAS with PD-1 positive
cell infiltration and tumor site PD-L1 expression correlated with
survival (120). This result raises the possibility of using anti-PD-1
antibody for the treatment of CAS. To the best of our knowledge,
there is no on-going or planned clinical trial to use checkpoint
inhibitors for advanced angiosarcoma (clinicaltrials.gov).

CURRENT RECOMMENDATION AND
FUTURE PERSPECTIVE

The treatment of CAS, especially T2 tumors of the scalp, is still
challenging. The surgical approach seems to be difficult because
such tumors usually have an unclear border and often have
skip lesions that make it difficult to determine the “true” tumor
border. As patients with tumors larger than 10 cm were reported
to have a catastrophic prognosis (35, 36), the current standard
wide-margin resection followed by wide-field radiation might
be palliative rather than curative (6). Radical surgery can reduce
the tumor load; however, surgery-based treatment cannot target
“subclinical” metastasis, which may have already occurred by
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Extramammary Paget’s disease (EMPD) is a rare, slow-growing, cutaneous adenocar-
cinoma that usually originates in the anogenital area and axillae outside the mammary
glands. EMPD mostly progresses slowly and is often diagnosed as carcinoma in situ;
however, upon becoming invasive, it promptly and frequently metastasizes to regional
lymph nodes, leading to subsequent distant metastasis. To date, several chemotherapy
regimens have been used to treat metastatic EMPD; however, they present limited
effect and patients with distant metastasis exhibit a poor prognosis. Recently, basic and
translational investigative research has elucidated factors and molecular mechanisms
underlying the promotion of metastasis, which can lead to targeted therapy-based
emerging treatment strategies. Here, we aim to discuss current therapies and their
limitations; advancements in illustrating mechanisms promoting invasion, migration,
and proliferation of EMPD tumor cells; and future therapeutic approaches for metastatic
EMPD that may enhance clinical outcomes.

Keywords: metastatic extramammary Paget’s disease, HER2-PI3K/ERK signaling, lymphangiogenesis, CXCR4-

stromal cell-derived factor-1 axis, CD163*M2 macrophage, receptor activator of nuclear factor kappa-B ligand-
RANK signaling, mismatch-repair deficient, anti-PD-1 antibody

INVASIVE EXTRAMAMMARY PAGET’S DISEASE (EMPD)
THERAPEUTIC CHALLENGE: PREVENTING AND TREATING
TUMOR METASTASIS

Extramammary Paget’s disease is a rare, slow-growing, cutaneous adenocarcinoma that manifests
as an erythematous, eczematous plaque outside the mammary gland, occasionally accompanied by
hypopigmented patches. EMPD affects apocrine gland-rich sites such as the anogenital area and
axillae. Despite requiring broad local resection for the treatment of a primary lesion because of
the frequent microscopic extensions and less common satellite lesions beyond the clinical tumor
border (1), the prognosis of patients with EMPD is usually good because tumor cells are in the
radial growth phase for a prolonged duration, and a majority of cases are treated in the stage of
carcinoma in situ (2).

However, once EMPD invades into the dermis and becomes invasive EMPD, tumor cells gain
high metastatic potential, leading to the development of lymph node (LN) metastasis even in patients
with dermal microinvasion (3). Besides, over one-third of patients with LN metastasis consequently
develop distant metastasis (4). To date, several chemotherapeutic regimens (Table 1), such as low-
dose 5-fluorouracil (5-FU)/cisplatin (FP), FECOM (5-FU, epirubicin, carboplatin, vincristine, and
mitomycin C), docetaxel monotherapy, S-1 monotherapy, docetaxel and S-1 combination therapy,
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TABLE 1 | Current systemic therapy for metastatic extramammary Paget’s disease in case studies and case reports.

Reference No. of Treatment Type of response Outcome (months)
patients
Tokuda et al. (5) 22 Low-dose FP (5-FU, cisplatin) CR (1/22), PR (12/22), SD (6/22), PFS: median 5.2, OS: median 12.0
PD (3/22)
Oashi et al. (6) 7 FECOM (5-FU, epirubicin, carboplatin, vincristine, PR (4/7), unevaluable (3/7) PFS: median 6.5, OS: median 9.4
mitomycin C)
Yoshino et al. (7) 13 Docetaxel PR (8/13), SD (3/13), PD (2/13) PFS: median 7.1, OS: median 16.6
Mikoshiba et al. (8) 1 S-1 PR PFS: 36
Kato et al. (9) 2 S-1 PR PFS: 5, 11+
Matsushita et al. (10) 1 Docetaxel + S-1 PR PFS: 15+
Ogata et al. (11) 1 Docetaxel + S-1 PR PFS: 12+
Egashira et al. (12) 2 Docetaxel + S-1 CR (1/2), PR (1/2) PFS: 12, 10, OS: 26, 23
Hirai and Funakoshi (13) 2 PET (cisplatin, epirubicin, paclitaxel) PR (2/2) PFS: 14+, 12+
Karam et al. (24) 1 Trastuzumab PR PFS: 12
Wakabayashi et al. (27) 1 Trastuzumab PR PFS: 12+
Barth et al. (28) 1 Trastuzumab CR PFS: 12+
Takahagi et al. (25) 1 Trastuzumab + paclitaxel PR PFS: 17, OS: 25
Hanawa et al. (26) 1 Trastuzumab + paclitaxel PR PFS: 13
Ichiyama et al. (29) 1 Trastuzumab + paclitaxel PR PFS: 24+
Yoneyama et al. (45) 1 Bicalutamide + leuprolide acetate PR PFS: 6, 0S:14

CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; PFS, progression-free survival; OS, overall survival; +, ongoing response; 5-FU,

5-fluorouracil.

and PET (cisplatin, epirubicin, and paclitaxel), have been used to
treat metastatic EMPD (5-13); however, few patients overcome
tumor recurrence despite tumors in over half of patients’ initially
responding to these regimens. In addition, the overall survival
(OS) starts declining from 10 months after starting chemotherapy
(7), and patients with EMPD with distant metastasis exhibit a
poor prognosis with the median OS of 1.5 years and 5-year sur-
vival rate of 7% (4). Hence, exploring novel therapeutic strategies
to prevent and treat metastatic EMPD is imperative.

Metastasis is a multistage process that comprises tumor cell
invasion, venous/lymphatic intravasation, transit in the vessels,
venous/lymphatic extravasation, and proliferation at a new site
(14). Recently, some studies have identified that the protein
expression of molecules involved in proliferation and survival,
including HER2 and mTOR, in the Paget cell (tumor cellof EMPD)
is associated with invasiveness, metastasis, and OS (15-17).
Similarly, translational research studies have demonstrated that
cytokines, chemokines, and immune cells in EMPD confer favo-
rable microenvironment for Paget cells to invade, migrate, and
proliferate, thereby promoting metastasis (18-21). The results of
current study support that the involvement of both Paget cells and
tumor microenvironment factors is essential for metastasis; thus,
the understanding of both aspects provides opportunities for the
treatment of metastatic EMPD.

HER2-PISK/ERK SIGNALING IN EMPD

In the past, several EMPD studies have focused on investigating
the HER2-PI3K/ERK signaling in EMPD because it is charac-
terized by the presence of Paget cells, large round, vacuolated,
pale-staining cells, as mammary Paget’s disease (MPD) and the
clinical success in targeting aberrant receptor tyrosine kinase
signaling pathways in breast cancer. Both immunohistochemis-
try and fluorescence in situ hybridization studies of primary and

LN metastatic lesions have revealed the HER2 overexpression
(HER2 score of 3+ or 2+) in 15-58% of patients with EMPD
and that all cases with a HER2 score of 34+ had amplified ERBB2,
the gene encoding HER?2 (16, 22). Of note, a HER2 score of 3+
or 2+ was significantly more common in patients with deeply
invasive EMPD that those with in situ/superficial invasive (in
which tumor invasion was limited to the papillary dermis)
EMPD and was correlated with numerous LN metastases (16).
Furthermore, about 90% of patients exhibited no difference in
the HER?2 protein overexpression and ERBB2 gene amplification
between primary tumors and corresponded LN metastasis (23),
suggesting that HER2’s contribution to the pathogenesis and
progression in a subset of metastatic EMPD and implying the
possibility that HER2 blockade disrupts the progression of both
primary and metastatic lesions of this population. In corrobora-
tion with the hypothesis, six case reports determined that both
primary and metastatic lesion of HER2-overexpressed EMPD
responded well and attained partial or complete response for
6 months to 2 years by anti-HER2 antibody, trastuzumab alone,
or trastuzumab with paclitaxel (Table 1) (24-29). A phase 2
study of trastuzumab with docetaxel for HER2-positive unre-
sectable or metastatic EMPD (UMIN000021311) is ongoing
based on these results.

HER?2 activates several signaling pathways such as the RAS-
RAF-MEK-ERK pathway and PI3K-AKT-mTOR pathway,
which accelerate cell growth and increase cell survival (30). A
study demonstrated that 28 and 56% of HER2-overexpressed
EMPD cases presented high expression of phosphorylated ERK
and phosphorylated AKT, respectively, with high Ki-67 labeling
index (31). However, the high expression of phosphorylated ERK
and phosphorylated AKT was also noted in 30 and 33% of EMPD
patients without the HER2 overexpression, respectively, but with
high Ki-67 labeling index (31). In addition, other studies have
demonstrated that Ki-67, as well as mTOR, was expressed at
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significantly higher levels in invasive cases than carcinoma in situ
cases (17, 32). Furthermore, the DNA sequencing of EMPD study
revealed that 19% of cases comprised mutant RAS or RAF genes
and 35% of cases had mutations in PIK3CA (which encodes the
catalytic subunit of PI3K) or AKT1 that activate those pathways
(33). In particular, cases with mutations in both RAS/RAF and
PIK3CA/AKT1 signaling pathways were sporadic, and a mutu-
ally exclusive pattern was observed (33). Overall, these results
highlight that not only HER2 but also the activation of down-
stream molecules in the RAS-RAF-MEK or PI3K-AKT-mTOR
pathways could contribute to the progression of EMPD. Notably,
all mutations detected in RAF were BRAF V600E that can be
inhibited by vemurafenib or dabrafenib, the Food and Drug
Administration (FDA)-approved drugs for metastatic melanoma
(33). In addition, multiple drugs targeting the RAS-RAF-MEK
and PI3K-AKT-mTOR pathways have passed through clinical
trials and are used for other cancers. Hence, multiple treatment
options exist for developing novel therapeutics that target patients
with metastatic EMPD with the aberrant RAS-RAF-MEK or
PI3K-AKT-mTOR signaling (Figure 1A).

The HER family comprises four type 1 transmembrane
tyrosine kinase receptors, HER1 (or EGFR), HER2, HER3, and
HER4 (34). Of these, HER2 dimerizes with other members of
the HER family, and the dimerization of HER2:HER3 dimers
was proven to be the most oncogenic receptor pairing that
activates the RAS-RAF-MEK and PI3K-AKT-mTOR pathways
in HER2-positive breast cancer cells (35). Hence, pertuzumab,
an anti-HER2 antibody that inhibits dimerization with HERI,
HER3, and HER4, in combination with trastuzumab and doc-
etaxel attained a significantly longer progression-free survival
and OS in untreated HER2-positive metastatic breast cancer
compared to trastuzumab plus docetaxel alone; the former regi-
men is now preferred as the first-line treatment of patients with
HER2-positive metastatic breast cancer (36, 37). However, the
expression of HER1, HER3, and HER4 has never been detected
in EMPD as well as in MPD, and targeting the dimerization of
HER2 is unlikely to prove clinical significance in HER2-positive
metastatic EMPD (38, 39).

HORMONE RECEPTORS SIGNALING
IN EMPD

Signaling through hormone receptors contributes to the tumor
development and progression in some cancer types such as
breast cancer. More than two-thirds of breast cancers express
estrogen receptor (ER), and research has proved that ER-targeted
therapy reduces relapse and improves the OS in advanced breast
cancer (40). However, MPD expresses ER only in 10% of cases
despite being one of the types of breast cancer. Similarly, EMPD
also demonstrates a low ER-positive rate at 4% (41). In fact, both
MPD and EMPD exhibit a high androgen receptor (AR)-positive
rate at 54-90%. In addition, another study reported that the AR
expression intensity was significantly higher in invasive EMPD
than noninvasive EMPD (41-43). Furthermore, the expression
intensity of 5a-reductase and 17f-hydroxysteroid dehydroge-
nase type 5, enzymes producing androgen, was higher in invasive

EMPD than noninvasive EMPD, suggesting the possibility of
androgen amplification and the association of the androgen-AR
signaling with the progression of EMPD (Figure 1A) (43, 44). In
corroboration with the hypothesis, one case report demonstrated
that the combined androgen blockade (CAB) therapy by bicalu-
tamide (an anti-androgen drug) and leuprolide acetate (LH-RH
agonist), used in the treatment of prostate cancer, can signifi-
cantly reduce multiple bone metastases of EMPD (45). Although
the effect of CAB lasted only for 6 months, it did not cause severe
bone marrow suppression; hence, androgen-deprivation therapy
could be one of the potential therapeutic approaches for meta-
static EMPD.

LYMPHANGIOGENESIS AND EPITHELIAL-
MESENCHYMAL TRANSITION (EMT)
OF PAGET CELLS IN EMPD

The clinical manifestation of erythematous, eczematous plaque
of EMPD indicates the presence of vasodilation and hyperemia
in the dermis of EMPD lesion. In fact, the histology of in situ
and invasive EMPD lesions demonstrates a prominent enlarge-
ment and formation of several lymphatic and blood vessels in
the dermis compared to those of healthy skin or other skin
cancers such as melanoma (18). The immunohistochemical
analysis established the expression of VEGF-A in Paget cells, as
well as macrophages, and VEGF-C was also expressed in Paget
cells (18). Both VEGF-A and VEGEF-C are renowned cytokines
related to angiogenesis and lymphangiogenesis, and evidence
suggests that the generation of new blood and lymphatic vessels
is crucial in cancer metastasis (46). Intriguingly, the immuno-
histochemical analysis also revealed that lymphatic endothelial
cells (LECs) in a primary lesion express stromal cell-derived fac-
tor-1 (SDF-1), and N-cadherin-positive Paget cells co-expresses
CXCR4, a specific ligand of SDF-1 (18). Notably, N-cadherin,
vimentin, and snail are molecules that are upregulated in the
EMT, a process through which epithelial cells lose their polarity,
cell-cell adhesion, and E-cadherin expression, and TGF-f1 can
induce EMT (47). A functional in vitro study using a human
squamous carcinoma cell line corroborated with human patho-
logical findings and revealed that snail increases the CXCR4
expression on tumor cells in the presence of TGF-p1 and the
EMT process augments tumor cell migration through the
CXCR4-SDEF-1 axis (Figure 1B) (18). Furthermore, the CXCR4
expression of Paget cells in the primary lesion correlated with
the presence of LN metastasis and reduced the disease-specific
survival (18, 48). Likewise, the N-cadherin and vimentin expres-
sion of Paget cells in the primary lesion also correlated with the
reduced OS (18). Hence, these findings implicate a crucial role
of lymphangiogenesis and EMT of Paget cells in promoting LN
metastasis of EMPD, and blocking the CXCR4-SDF-1 axis can
be a novel option of adjuvant therapy for patients with CXCR4-
positive invasive EMPD to prevent LN metastasis. Furthermore,
the blockade of mutated PIK3CA or AKT1 might be an effec-
tive adjuvant therapy because the DNA sequencing of EMPD
revealed a correlation of PIK3CA and AKTI mutations with
E-cadherin hypermethylation (33).
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FIGURE 1 | Signaling pathways involved in the progression of extramammary Paget’s disease. (A) The aberrant activation of HER2, molecules involved in the
RAS-RAF-MEK-ERK signaling or PIBK-AKT-mTOR signaling promote the proliferation and survival of Paget cells. Likewise, the androgen-androgen receptor (AR)
signaling can induce the proliferation and survival of Paget cells. Red, Food and Drug Administration-approved drugs for other cancers that target aspects of this
pathway. (B) The interaction of Paget cells with lymphatic endothelial cells (LECs) through the CXCR4-stromal cell-derived factor-1 (SDF-1) signaling or with
CD163*Arg1* M2 macrophages through the receptor activator of nuclear factor kappa-B ligand (RANKL)-RANK signaling facilitates metastasis of Paget cells.

THE ROLE OF RECEPTOR ACTIVATOR
OF NUCLEAR FACTOR KAPPA-B LIGAND
(RANKL)-RANK INTERACTION IN THE
TUMOR MICROENVIRONMENT OF EMPD

Although the aberrant activation of a signaling pathway in tumor
cells and lymphangiogenesis mediates the progression of EMPD,
the role of other cells, especially immune cells, in the tumor
microenvironment of EMPD remains unclear. Histologically,
EMPD exhibits abundant lymphocyte infiltration. The number
of CD8* T cell infiltration in noninvasive and invasive EMPD is
similar; however, the number of CD8" T cell-expressing gran-
ulysin and perforin is relatively lower in invasive EMPD than
that of noninvasive EMPD, signifying the presence of stronger
immunosuppression in the tumor microenvironment of invasive
EMPD than noninvasive EMPD (49). Reportedly, invasive EMPD
comprises a significantly higher number of CD163*Argl* M2
macrophages, an immunosuppressive macrophage, compared to
noninvasive EMPD (49).

The RANKL and its receptor, RANK signaling, exerts numerous
effects on immunity and promotes the survival of conventional
dendritic cells and T-cell priming, thereby generating active
immune responses (50). By contrast, it controls the number of
regulatory T cells (Tregs) and induces tolerance against antigens
(51). In EMPD lesions, Paget cells profoundly express RANKL
with matrix metalloproteinase-7, which cleaves RANKL to
release a soluble form (sRANKL), facilitating interaction with
nearby cells expressing RANK (19). Remarkably, RANK is
primarily expressed in CD163*Argl* M2 macrophages, and
in vitro studies using monocyte-derived M2 macrophages have
demonstrated that these cells produce CCL17 and promote the
migration of CCR4-expressed CD4" T cells, which comprise
effector CD4" T cells and Tregs when treated with SRANKL (20).
In line with the in vitro experiment, CCL17 was co-expressed
on the CD163*Argl* M2 macrophages in invasive EMPD (20).
Furthermore, a study has reported that effector Tregs comprising
a robust immunosuppressive effect profoundly express CCR4
(52) and that increased numbers of Tregs were related to more
extensive cases of vulvar EMPD and disease recurrence (53).
These studies highlight the crucial role of CD163*Argl* M2
macrophage and Tregs in establishing an immunosuppressive
microenvironment in invasive EMPD by the RANKL-RANK
interaction that promotes EMPD progression and causes poor
prognosis (Figure 1B).

Reportedly, RANKL binds to RANK on osteoclasts and serves
as a critical factor for regulating bone remodeling, and the activa-
tion of the RANKL-RANK signaling augments bone metastasis
of various cancer types such as breast cancer (50). Based on this
notion, a study demonstrated that denosumab, the anti-RANKL

antibody, significantly delayed the appearance of skeletal-related
events compared to bisphosphonates in patients with breast can-
cer with bone metastasis, thereby initiating its use to treat various
metastatic bone tumors (54). Bone has been known as one of the
most common site, where EMPD develops distant metastasis
(55, 56). Based on these findings, denosumab seems not only
useful for patients with metastatic EMPD and bone metastasis
but also might be effective from the early stage to prevent the
progression of invasive EMPD. Furthermore, since RANKL is
related to immunosuppression of the EMPD microenviron-
ment, denosumab could be a potential to enhance the efficacy of
immunotherapy.

IMMUNOTHERAPY FOR METASTATIC
EMPD

Although the response rate is 20-35% in solid cancers, immu-
notherapy with anti-PD-1 antibody is a prominent therapeutic
approach for cancers. This is because it can induce a durable
response in a majority of responders for more than 2 years, which
is uncommon with the molecular targeted therapy (57-60). The
biomarkers that define anti-PD-1 antibody responders remain
unclear; however, it was recently revealed that cancer with DNA
mismatch-repair (MMR) gene mutations, so called “mismatch-
repair-deficient cancer,” significantly responded better to anti-
PD-1 antibody than MMR proficient cancer (61). In addition, it
was reported that an anti PD-1 antibody induced robust antitumor
immunity and attained durable disease control in heavily treated
patients with colorectal cancer with MMR-deficient or microsat-
ellite instability-high (MSI-H) status (62). Overall, these results
propose that the MMR status or MSI-H is a useful biomarker
to predict the clinical benefit of anti-PD-1 antibody, serving as
the basis for the FDAs approval of an anti-PD-1 antibody for
unresectable or metastatic MMR-deficient or MSI-H cancers,
irrespective of cancer’s original location.

The MMR pathway affects removal and correction of DNA
base mismatches that arise either during DNA replication or
caused by DNA damage (63). A mutation of genes involved in
MMR, MLH1, PMS1, MSH2, and MSH6 predispose to several
tumorigenic conditions, such as Lynch syndrome, and cause
cancer cells to display MSI-H (63). Although inactivation of
MMR elevates the mutational burden, thereby promote carcino-
genesis, a recent in vivo functional analysis revealed that it also
leads to dynamic mutational profiles, resulting in the persistent
renewal of mutation-associated neoantigens (MANAs) triggering
durable immunosurveillance that can be further enhanced by an
anti-PD-1 antibody. By contrast, MMR proficient cells exhibited
stable mutational load and MANA profiles over time, which was
consistent with the results of clinical trials (61, 64, 65).
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Extramammary Paget’s disease has long been recognized to
pose a high risk of developing secondary cancer. Reportedly,
14-32% of cases have also been diagnosed with other primary
cancers (66, 67). Kang et al. hypothesized that MMR gene
mutations could be associated with the high occurrence of
secondary cancer in EMPD and investigated the MMR status
and the presence of gene mutation in MLH1, PMSI, MSH2, and
MSHE6 in 20 patients with EMPD (68). Their results revealed 8
of 20 cases (40%) with germline MMR genes missense muta-
tions. Of these 8 cases with MMR genes mutations, 1 and 4 cases
exhibited MSI-high or MSI-lo, respectively, whereas none of the
other 12 cases without MMR genes mutations exhibited MSI.
Furthermore, their sequencing analysis of MLHI and MSH2
gene for 172 samples identified germline and somatic mutations
of MLHI or MSH2 in 34.3 and 13.4% of cases, respectively.
Of these, MLH1 V384D (15.7%) and MLHI1 R217C (4.1%) were
top two germline mutations, and these detection rates were
significantly higher than healthy controls. Furthermore, the
functional in vitro assay revealed that MLH1 V384D and MLH1
R217C mutations had 50-60% MMR efficiency than wild-type
MLH]I. Although having high tumor mutational burden does
not always associate with improved survival and clinical trials
should be conducted to evaluate the survival benefit, these find-
ings suggest that there is a decent percentage of MMR-deficient
EMPD, which has an impaired MMR machinery, in EMPD and
this subset of patients might achieve a durable response by anti-
PD-1 immunotherapy.
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Tumor-associated macrophages (TAMs) and regulatory T cells (Tregs) are significant
components of the microenvironment of solid tumors in the majority of cancers. TAMs
sequentially develop from monocytes into functional macrophages. In each differenti-
ation stage, TAMs obtain various immunosuppressive functions to maintain the tumor
microenvironment (e.g., expression of immune checkpoint molecules, production of
Treg-related chemokines and cytokines, production of arginase I). Although the main
population of TAMs is immunosuppressive M2 macrophages, TAMs can be modulated
into M1-type macrophages in each differential stage, leading to the suppression of tumor
growth. Because the administration of certain drugs or stromal factors can stimulate
TAMs to produce specific chemokines, leading to the recruitment of various tumor-
infiltrating lymphocytes, TAMs can serve as targets for cancer immunotherapy. In this
review, we discuss the differentiation, activation, and immunosuppressive function of
TAMs, as well as their benefits in cancer immunotherapy.

Keywords: tumor-associated macrophages, immunosuppression, M2 polarization, chemokines, angiogenetic
factors, regulatory T cells

INTRODUCTION

Tumor-associated macrophages (TAMs) and regulatory T cells (Tregs) are significant components
of the tumor microenvironment (1, 2). TAMs express immune checkpoint modulators [e.g., B7 fam-
ily, B7-homolog family including programmed death ligand 1 (PD-L1)] (3) that directly suppress
activated T cells. In addition, TAMs produce various chemokines that attract other immunosup-
pressive cells such as Tregs, myeloid-derived suppressor cells (MDSCs), and type 2 helper (Th2)
T cells, which maintain the immunosuppressive factors of the tumor microenvironment (1, 2, 4).
Moreover, TAMs also produce matrix metalloproteinases (MMPs), which play critical roles in tissue
remodeling associated with various physiological processes such as morphogenesis, angiogenesis,
tissue repair, local invasion, and metastasis (1, 5, 6). TAMs have been detected in various skin cancers
such as melanoma, squamous cell carcinoma (SCC), extramammary Paget’s disease (EMPD), Merkel
cell carcinoma, basal cell carcinoma, and mycosis fungoides (MFs) (1, 2, 7-15) (Table 1). Because the
stromal factor on each cancer stem cell is an important factor for TAM stimulation, leading to
the induction of specific TAM phenotypes, investigating the immunomodulatory stromal cells in
the tumor microenvironment is important for establishing the appropriate immunotherapy for each
type of cancer (1, 8, 9, 16, 17). In addition, it may be possible to repolarize TAMs into anti-tumor
macrophages, such as M1-phenotype macrophages, to suppress tumor progression by modifying
the profiles of tumor-infiltrating lymphocytes (TILs) (7, 18, 19). Thus, TAMs could be a target for
immunotherapy in skin cancers (1, 2). In this review, we discuss the differentiation, activation, and
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TABLE 1 | Tumor-associated macrophages in skin cancer: mouse and human models.

Cancer species Mouse (reference) Human (reference) Depletion Reprogrammed Biomarkers
Malignant melanoma (3,7,183,19, 20, 22, 39, 51, 62, 63, 64, 65) (7, 35, 59, 60) (183, 65) (5,19, 20, 22, 35, 39) (3, 59, 60, 61)
Cutaneous squamous cell carcinoma (23, 24, 32) (11,12, 34) (23) (24, 32) (11, 12)
Merkel cell carcinoma - (14, 36) (14, 36)
Extramammary Paget's disease - (8,17) (17) (6)
Basal cell carcinoma (26) (15) (26) (15)
Dermatofibrosarcoma protuberans - (5) (6)
Cutaneous T cell lymphoma (©5) (9, 18, 28, 29, 30, 31, 57) (25) (18, 57) (9, 28, 29, 30)

immunosuppressive function of TAMs, as well as their benefit in
cancer immunotherapy.

DIFFERENTIATION AND ACTIVATION
OF TAMs IN TUMORS

Tumor-associated macrophages are characterized by their
heterogeneity and plasticity, as they can be functionally repro-
grammed to polarized phenotypes by exposure to cancer-related
factors, stromal factors, infections, or even drug interventions
(1,2, 7,9, 11, 17, 19). Because TAMs sequentially differentiate
from monocytes into functional macrophages through multiple
steps, they have heterogeneity and plasticity in cancer (Figure 1).
Monocytes recruited from the circulation differentiate into tissue
macrophages by macrophage colony-stimulating factor (M-CSF),
and are primed with several cytokines such as interferon
gamma (IFN-vy), interleukin 4 (IL-4), and IL-13 (2). Thereafter,
macrophages change their functional phenotype in response to
environmental factors or even tumor-derived protein stimulation
(2, 8,17). In skin cancer, for example, targeting the M-CSF recep-
tor with anti-CSF short interfering RNA (siCD115) in TAM:s led
to modulation of the TIL profile, resulting in growth suppression
of B16 melanoma in vivo (20). In the second phase of priming,
type I IFN (IFN-a, IFN-p) and type II IFN (IFN-y) modulate
the production of chemokines from TAMs, suggesting that these
cytokines repolarize TAMs in several skin cancers (7, 18). Cancer
stromal factors such as soluble receptor activator of nuclear factor
kappa-B ligand (RANKL) derived from cancer cells could be a
third mode of stimulation that activates mature M2 macrophages
to produce a series of chemokines that recruit immunosuppres-
sive cells such as Tregs and Th2, leading to maintenance of the
tumor microenvironment (8, 10, 17). These reports suggest that
each of these three differentiation steps could serve as a target for
immunotherapies.

ROLES OF TAMs IN MAINTAINING
THE IMMUNOSUPPRESSIVE
MICROENVIRONMENT

Chemokines from TAMs Determine
the Immunological Microenvironment

in Tumors
Chemokines play crucial roles in determining the profiles of TILs
in the tumor microenvironment, and the profiles of chemokines

GM-CSF i
——> Other myeloid cells

monocytes/
macrophages
M-CSF
IFN-o/B .
POSTN IFN-y Anti-tumor
-— - 5 effects

CD163+ Arg1+
Inflammatory Immature 1 | M1-like macrophages |
macrophages M2 macrophages
l IL-4/ IL-13
Stromal
factors
CD163+Argl+ 5
CD206+ IL-10+
matured Fully activated

M2 macrophages M2 macrophages

FIGURE 1 | Differentiation of M2-polarized tumor-associated macrophages.
The multiple steps of the development of monocytes into fully functional
macrophages.

from TAMs are determined by stromal factors of each skin cancer
(1). For example, immune cells in the tumor microenvironment
determine the aggressiveness of melanoma (21). In metastatic
melanoma, periostin (POSTN) is expressed in the region sur-
rounding melanoma cell nests in metastatic melanoma lesions
that develop at the wound site (16). In addition, TAMs are promi-
nent in the tumor stroma in melanoma (7, 19, 22), and POSTN
stimulates CD163* macrophages to produce several specific
cytokines including Treg-related chemokines [chemokine ligand
17 (CCL17), CCL22] (9). Because CCL17 and CCL22 from
TAMs attracts Tregs to the tumor site in melanoma (7, 21, 22),
repolarization of TAMs by immunomodulatory reagents such as
IFN-B and imiquimod are useful for suppressing tumor growth
in melanoma (7, 22). The downregulation of CCL22 production
was also observed in B16F10 melanoma mouse treated with
classical cytotoxic anti-melanoma drugs such as dacarbazine,
nimustine hydrochloride, and vincristine, all of which have been
used in the adjuvant setting for advanced melanoma for the
last 30 years (19). Other reports have suggested that a series of
chemokines (CCL17, CXCL10, CCL4, and IL-8) in cerebrospinal
fluid may be useful for predicting brain metastasis in melanoma
patients (21). Together, these reports suggest the significance of
chemokines from TAM:s that can be induced by POSTN in the
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tumor stroma to induce melanoma-specific TILs in patients with
melanoma.

Tumor-associated macrophages in non-melanoma skin can-
cer also secrete an array of chemokines in lesional skin to regulate
the tumor microenvironment (1). In EMPD, for example, solu-
ble RANKL released by Paget cells increases the production of
CCL5, CCL17, and CXCL10 from RANK* M2 polarized TAMs
(8, 10, 17), suggesting that Paget cells can determine the immu-
nological microenvironment by the stimulation of TAMs. The
results of this study led to the hypothesis that denosumab, a full
human monoclonal antibody for RANKL, has therapeutic effects
in invasive EMPD. In cutaneous squamous cell carcinoma (¢SCC),
according to its heterogeneity of differentiation of cancer cells,
TAMs in ¢SCC heterogeneously polarized from M1 to M2 (11).
Indeed, Petterson et al. (11) reported that CD163* TAMs not only
express CCL18 (11), an M2 chemokine involved in remodeling of
the tumor microenvironment but are also colocalized with phos-
phorylated signal transducer and activator of transcription 1 (11),
suggesting the heterogeneous activation states of TAMs. Although
the exact stimulator of cSCC is unknown, the depletion of TAMs
such as antibody-mediated depletion (e.g., anti-CSFI1R Ab)
or bisphosphonate could be a useful therapy for unresectable
cSCC (23-26).

Not only solid tumors but also hematopoietic malignancies
in the skin contain CD163* TAMs (25, 27-29), which produce
chemokines that direct to specific anatomic sites to form metas-
tases (25). Indeed recently, Wu et al. (9) used a human xenograft
CTCL cell model to demonstrate that chemokines from TAMs
play crucial roles in tumor formation in MF lesions. In another
report, it was shown that the cancer stroma of MF containing
POSTN and IL-4 might stimulate TAMs to produce chemokines
that correlate with tumor formation in MF (25), and that
chemokines from TAMs can be modified by immunomodula-
tory agents such as IFN-a and IFN-y, leading to their therapeutic
effects (18). Furthermore, CCL18 produced by TAMs in MF at the
invasive margin of the tumor promote the recruitment of CTCL
cells, leading to cancer progression (30). These reports suggest
the significance of chemokines from TAM:s for the development
of CTCL.

Direct Suppressive Function of TAMs

Immunomodulatory costimulatory molecules, such as B7
homologs, play representative roles in the direct cell-mediated
suppressive mechanism of TAMs. Recently, several reports have
suggested that the expression of PD-L1 (also known as B7H1)
in TAMs is necessary for antigen-specific tolerance induction
(1, 3, 31) in tumor-bearing hosts. For example, the expression
of PD-L1 on TAMs is augmented by autocrine IL-10 from
M2-polarized TAMs stimulated by specific antigens (31).
Another report showed that the decrease of IL-10 in MDSCs led
to the downregulation of PD-L1 expression in MDSC in a mouse
melanoma model (3). Linde et al. (32) reported that IL-10-
polarized TAMs into M2 phenotypes in the presence of IL-4
and vascular endothelial growth factor A (VEGF-A) in ¢SCC.
These reports suggest that IL-10 upregulates PD-L1 expression
on TAMs, inducing immunosuppression in the tumor micro-
environment in the skin. Arginase 1 is one of the key factors

for the suppressive function of TAMs. Its expression is widely
detected in immature and functional M2 macrophages (1, 8, 17),
leading to suppression of T cell activity by L-arginine catabolism
(33). Indeed, CD163* TAMs expresses arginase 1 in several skin
cancers such as EMPD and SCC (8, 34). More recently, Pico
de Coana et al. (35) reported the additional immunomodula-
tory effects of ipilimumab on granulocytic MDSCs, which are
circulating macrophages in tumor-bearing hosts, suggesting the
crosstalk between Tregs and granulocytic MDSCs through the
CTLA4/B7 homolog pathway and the significance of the direct
suppressive function of TAMs (35).

Angiogenetic Factors from TAMs

Tumor-associated macrophages produce angiogenetic factors
such as VEGE, platelet-derived growth factor, and transforming
growth factor B, or by expressing MMPs to induce neovascu-
larization (10, 28, 32, 36-38). Linde et al. (32) reported that
VEGF-A augments the recruitment of TAMs at a tumor site by
promoting neovascularization in a mouse skin tumor model
(32). In a human skin cancer model, Werchau et al. (36) reported
that VEGF-C expressed by TAMs contributes to lymphangi-
ogenesis and the progression of Merkel cell carcinoma (36). In
angiosarcoma, TAMs express MMP9, which might be a target
for amino bisphosphonate (37). Another report suggested that
inhibition of the VEGF/VEGF receptor pathway inhibits M2
polarization in TAMs, leading to reduced vascular density and
tumor growth in MCA205 mouse sarcoma (38). In addition,
more recently, Yamada et al. (39) reported that the expression
of MGF-E8 on mesenchymal stromal cells plays crucial roles in
inducing M2 macrophage polarization, leading to suppression
of tumor growth by the reduction of VEGF expression in TAMs
in B16F10 melanoma. These reports indicate the significance
of VEGF produced by M2 macrophages in tumor progression,
and show that both VEGF and MMPs are key markers for M2
macrophages in skin cancers (11, 40, 41). For example, in a
melanoma model, osteopontin signaling promoted macrophage
recruitment by the secretion of prostaglandin E2 and MMP-9
from TAMs, leading to angiogenesis and tumor progression (41).
These reports suggest that MMPs play crucial roles in tumor
progression. MMPs can also be produced by TAMs upon stimula-
tion of stromal proteins in skin cancer (9, 10). For example, the
stimulation of POSTN augments the production of MMP1 and
MMP12 from monocyte-derived immature M2 macrophages
(9). Because POSTN is abundant in the tumor stroma of MF and
dermatofibrosarcoma protuberans (DESP) (5, 9), and because
substantial numbers of CD163* TAMs have been detected in the
POSTN-rich area in the lesional skin of skin tumors (5, 9), the
production of MMP1 and MMP12 is prominent in the lesional
skin of MF and DFSP. Notably, as reported by Livtinov et al. (42),
among the MMPs, only MMP12 is a risk factor for CTCL progres-
sion, as determined by transcriptional profiling (42). RANKL is
expressed in skin cancers of apocrine origin such as EMPD and
apocrine carcinoma (8, 37), and is released in its soluble form.
Because monocyte-derived M2 macrophages produce MMP1
and MMP25 by RANKL stimulation, TAMs in skin cancer of apo-
crine origin produce MMP1 and MMP25 at the tumor site (37).
These reports suggest that TAMs stimulated by tumor stromal
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factors play roles in the carcinogenesis of these skin cancers, and
might be targets for molecular-targeted therapy in the future.

CLINICAL BENEFITS OF TAMs
The Effects of Anticancer Drug for TAMs

Because TAMs comprise the immunosuppressive microenviron-
ment at the tumor site, they may be optimal therapeutic targets
in cancer (1, 2, 4, 43-46). For example, Rogers et al. (44) reported
the immunomodulatory effects of bisphosphonate on TAMs in
patients with breast and prostate cancers upon the repolarization
of TAMs into tumoricidal macrophages (44). More recently, sev-
eral reports have also focused on the immunomodulatory effects
of chemotherapeutic reagents on TAMs (19, 47, 48). For example,
a non-cytotoxic dose of paclitaxel decreased MDSCs and even
blocked the immunosuppressive potential of MDSCs in a mouse
melanoma model (47). More recently, Fujimuraetal. (19) reported
the immunomodulatory effects of cytotoxic anti-melanoma
drugs, dacarbazine, nimustine hydrochloride, and vincristine, on
TAMs both in vitro and in vivo by inhibition of STAT3 signals
(19). The authors concluded that their immunomodulatory effects
could explain their antitumor effects in postoperative melanoma
patients. Peplomycin administered through a superficial tempo-
ral artery using an intravascular indwelling catheter, which can
cause dose-independent interstitial pneumonia (49), decreased
the number of TAMs and Tregs in cSCC on the lips, leading to
an increase in the number of immunoreactive cells at the tumor
sites (50), and possible autoimmune-like interstitial pneumonia
(49, 50). More recently, not only cytotoxic chemotherapeutic
drugs but also low molecular weight compounds were reported
to co-localize with TAMs at tumor sites. Indeed, Hu-Lieskovan
etal. (13) reported that single-agent dabrafenib increased TAMs
and Tregs in melanoma, which decreased with the addition of
trametinib, leading to the synergistic effects of immune check-
points inhibitors with dabrafenib and trametinib combination
therapy. In another report, the anti-macrophage receptor with col-
lagenous structure was reported to polarize TAMs into proinflam-
matory phenotypes to induce anti-melanoma immune response
in B16 melanomas (51). In addition, Gordon et al. (52) reported
that inhibition of PD-1/PD-L1 in vivo increased macrophage
phagocytosis, reduced tumor growth, and prolonged the survival
of macrophages. In another report, increasing expression levels of
PD-L1 in TAMs, 2 months after the administration of anti-PD-1
Abs in patients with advanced melanoma, was correlated with the
response to immunotherapy (53), suggesting that PD-L1 expres-
sion in TAMs could be a biomarker that predicts the effectiveness
of anti-PD-1 Ab therapy. Because the anti-PD-1 Abs nivolumab
and pembrolizumab are widely used to treat advanced cancer,
including melanoma (53), one target of anti-PD-1 Abs in patients
with advanced melanoma could be an immunomodulatory effect
on TAM, which, in turn, might be correlated with both their effec-
tiveness and the development of adverse events. TAMs produce
not only chemokines that directly recruit immunosuppressive
cells to the tumor microenvironment but also produce cytokines
that stimulate other stromal cells such as fibroblasts to produce
chemokines (54, 55). Indeed, Young et al. (54) reported that
IL-1p from TAMs stimulate fibroblasts to produce CXCR2 ligand,

which plays crucial roles in recruiting granulocytic MDSCs to
tumor sites (55, 56). The authors concluded that CXCR?2 agonists
in combination with anti-CD115 Abs could suppress B16F10
melanoma in vivo by inhibiting the recruitment of granulocytic
MDSCs and depletion of immature TAMs (56). Interestingly, the
antihuman CD115 Ab, emactuzumab, decreased the number of
CD163* CD206* M2 macrophages in patients with melanoma
by depleting immature TAMs before the IL-4 stimulation phase
(57). Together, these reports suggest that anti-CXCR2 agonists in
combination with emactuzumab might induce the antimelanoma
immune response by reducing the number of M2 polarized TAMs.
These reports suggest the significance of assessing the effects of
chemotherapeutic drugs on TAMs (13, 19, 47, 49, 50).

TAMs as a Biomarker for Disease Activity
and Adverse Events

As described above, because TAMs produce tumor-specific
chemokines by the stimulation of stromal factors, chemokines
might serve as biomarkers that reflect disease activity. For example,
TAMs produced CCL18 in the lesional skin of CTCL (26), which
reflect disease severity and prognosis (58). Immunomodulatory
reagents such as IFNs and imiquimod reduce CCL22 from TAMs,
leading to the therapeutic effects of them in mouse B16F10 mela-
noma models (7, 22). CCL5, which induces Th2 cells from naive
T cells (59), reflects the cancer stage and disease progression in
gastric cancers (60). Another TAM-associated factor, sCD163,
could be a useful biomarker for cancer treatment, as it is an activa-
tion marker for CD163* tissue macrophages that is present in the
serum as a result of proteolytic shedding (61). Serum sCD163
levels increase in autoimmune diseases such as atherosclerosis,
rheumatoid arthritis, moyamoya disease, pemphigus vulgaris,
and bullous pemphigoid (62-64), and reflect disease activity (61).
Therefore, as we previously reported, sCD163 is a possible marker
for predicting immune-related adverse events caused by immune
checkpoints inhibitors (64, 65). These reports suggested that the
production derived from TAMs could be a biomarker for cancer
treatment in the future.

CONCLUDING REMARKS

Although several studies have suggested that high numbers of
TAMs in tumor-bearing individuals are associated with a poor
prognosis, making them useful as prognostic markers in cancer,
further studies are needed to quantify their impact in different
cancers.
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The global health burden associated with melanoma continues to increase while treat-
ment options for metastatic melanoma are limited. Nevertheless, in the past decade, the
field of cancer immunotherapy has withessed remarkable advances for the treatment
of a number of malignancies including metastatic melanoma. Although the earliest
observations of an immunological antitumor response were made nearly a century ago,
it was only in the past 30 years, that immunotherapy emerged as a viable therapeutic
option, in particular for cutaneous melanoma. As such, melanoma remains the focus of
various preclinical and clinical studies to understand the immunobiology of cancer and
to test various tumor immunotherapies. Here, we review key recent developments in
the field of immune-mediated therapy of melanoma. Our primary focus is on therapies
that have received regulatory approval. Thus, a brief overview of the pathophysiology
of melanoma is provided. The purported functions of various tumor-infiltrating immune
cell subsets are described, in particular the recently described roles of intratumoral
dendritic cells. The section on immunotherapies focuses on strategies that have proved
to be the most clinically successful such as immune checkpoint blockade. Prospects
for novel therapeutics and the potential for combinatorial approaches are delineated.
Finally, we briefly discuss nanotechnology-based platforms which can in theory, acti-
vate multiple arms of immune system to fight cancer. The promising advances in the
field of immunotherapy signal the dawn of a new era in cancer treatment and warrant
further investigation to understand the opportunities and barriers for future progress.

Keywords: melanoma, immunotherapy, immune checkpoint blockade, tumor microenvironment, adoptive T cell
transfer, programmed cell death protein 1, tumor-infiltrating lymphocyte, tumor-infiltrating dendritic cell

METASTATIC MELANOMA

Malignant melanoma is a highly aggressive cancer and accounts for the majority (60-80%) of
deaths from skin cancer (1, 2). Non-melanoma skin cancers, including basal cell carcinomas and
squamous cell carcinomas, have much lower metastatic potential and associated mortality than
melanoma (3). Melanoma arises from pigment-producing cells called melanocytes that are found
primarily in the skin and the eyes and to a lesser extent, in a wide range of body tissues (2, 4, 5).
Melanocytes originate from the embryonic neural crest and migrate to the epidermis where they
mature and produce melanin that is subsequently transferred to neighboring keratinocytes (6, 7).
Melanin plays a crucial role in protecting the skin from ultraviolet (UV) solar radiation (6, 8).
Neoplasia of melanocytes varies from benign melanocytic naevi to malignant melanomas (4, 5).
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Malignancies can arise from any of the tissues where melanocytes
are present but by far the most common type is cutaneous mela-
noma, comprising over 90% of all melanoma cases (5, 9). Hence,
the central focus of this review will be on cutaneous melanoma.
Due to the recent advances in tumor immunotherapy, a number
of novel cancer treatment strategies have emerged. As such, this
review will discuss the development of cancer immunotherapy
in the context of melanoma and highlight potential avenues for
further research.

Epidemiology

Melanoma is a fairly common cancer with an estimated
global incidence rate of 3 per 100,000 (9-11). In 2015, it was
reported that there were approximately 352,000 new cases of
melanoma worldwide with an age-standardized incidence rate
of 5 cases per 100,000 persons (12). There were nearly 60,000
deaths worldwide due to melanoma (12). The incidence rate is
observed to be higher in males than in females and is associ-
ated with a younger median age (~57 years) at diagnosis than
other solid tumors (~65 years) (9, 10, 12). The three regions
with the highest incidence of melanoma were found to be
Australasia (54%), North America (21%), and Western Europe
(16%) (12). Furthermore, it is particularly concerning that the
global incidence rates of melanoma continue to rise. In 2005,
there were roughly 225,000 new cases of melanoma but in
2015, that number climbed to roughly 352,000 cases, repre-
senting a 56% increase (13). A large-scale cohort study from
39 countries showed that while incidence rates for melanoma
are beginning to stabilize in North America and Australia,
they are continuing to rise in Southern and Eastern Europe
(11). Therefore, melanoma constitutes a significant burden of
disease worldwide and warrants both novel treatments and
prevention strategies.

Pathophysiology and Clinical Subtypes

The exact etiology of melanoma development is not well under-
stood (4). However, there has been tremendous study on the
histological and molecular profiles of the various subtypes of
melanoma (14-16). Overall, it has been observed that melanomas
which arise from skin that is chronically sun-damaged (CSD)
occur in anatomical locations such as the head and neck. By con-
trast, non-CSD melanomas are found in anatomical regions that
suffer only limited sun exposure such as the trunk and extremities
(4). Overall, non-CSD melanomas also have lower mutational
loads than CSD melanomas (4, 16). A significant number of
melanomas are usually associated with benign neoplasms of
melanocytes. These lesions are termed naevi (commonly called
moles), and an increased presence of naevi is deemed a risk
factor for melanoma (2, 4). These lesions include benign naevi,
dysplastic naevi, which display atypical cellular characteristics,
and non-invasive melanoma in situ (4, 17). Melanoma in situ is by
definition confined to the epidermis and if resected entirely, has a
100% survival rate (17). The current staging system for melanoma
is the one used by the American Joint Committee on Cancer
(AJCC) and relies upon analysis of the tumor (T), the number
of metastatic nodes (N), and the presence of distant metastases

(M) (18, 19). These are then grouped to provide clinical stages of
the cancer, ranging from 0 to stage IV (19). Stage IV melanoma
is classified as metastatic melanoma due to the presence of dis-
tant metastases, while stage III is only marked by metastases in
regional lymph nodes (LN) (20).

Historically, malignant melanoma was divided into four major
histological subtypes but due to the complexity of the disease,
a fraction of melanomas cannot be completely classified into
either subtype (15, 21, 22). Moreover, as this classification system
is reliant on clinical and morphological features, it yields little
prognostic value but serves as a useful strategy in identifying the
various histological forms of the disease (22). The four primary
subtypes of melanoma are as follows: (i) superficial spreading
melanoma (SSM), (ii) nodular melanoma (NM), (iii) lentigo
maligna melanoma (LMM), and (iv) acral lentiginous melanoma
(ALM) (14, 22). However, in recent years, a number of novel clini-
cal subtypes have also been defined. These include desmoplastic
melanoma (DM), melanoma arising from a blue naevus and per-
sistent melanoma (22). The five common histogenic subtypes of
melanoma warrant further description here. A pictorial overview
of the clinical manifestation and histopathology of melanoma is
presented in Figure 1.

Superficial Spreading Melanoma

Superficial spreading melanomas are the most common sub-
type representing between 50 and 70% of all cases (14, 23). They
occur in relatively younger patients (~50 s) and present on ana-
tomical regions such as the trunk, back, and extremities (22).
SSM presents as a flat or a slightly elevated lesion with varying
pigmentation (24). Histologically, SSM is marked by atypical
melanocytes with nested or single cell upward migration (22).
Malignant melanocytes display lateral spreading throughout
the epidermis, poor circumscription, and increased melaniza-
tion in the cytoplasm (14, 22).

Nodular Melanoma

Nodular melanomas are a fairly common subtype of melanoma
(15-35%) that can present most commonly on the head and neck
as a growing nodule that shows ulceration (22-24). Histologically,
NMs show similarities to SSMs but differ in that they show
distinct circumscription. They do not display radial growth but
aggressive vertical growth evidenced by large dermal nests and
sheets of atypical melanocytes (14, 22).

Lentigo Maligna Melanoma

Lentigo maligna melanomas present almost exclusively on the
sun-exposed upper extremities or head and neck of elderly
people (mostly octogenarians) (22). It is relatively uncommon
(5-15%), and topically can be seen as patch of discolored
skin showing variegated coloring (23, 24). Lentigo maligna
(Hutchinson’s freckle) is the term for the in situ melanoma
phase, and a small percentage of these patients progress to
invasive LMM (23). Histologically, the skin exhibits extensive
solar damage resulting in an atrophic epidermis and len-
tiginous (back-to-back) proliferation of melanocytes, which
are hyperchromatic (22). Multinucleated (starburst form)
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FIGURE 1 | Clinical and histological presentation of melanoma.

(A) Superficial spreading melanoma (SSM), (B) nodular melanoma (NM),
(C) acrolentiginous melanoma (ALM), (D) H&E stain of NM depicting
asymmetrical nodular tumor infiltrates in the upper dermis. Nests of
atypical cells are visible in the dermis and at the dermoepidermal junction.
(E) Immunohistochemical staining for Melan-A reveals red stained atypical

tumor cells in the dermis and epidermis (Images courtesy of RH).

melanocyte cells and solar elastosis are also hallmarks of this
type of melanoma (14).

Acral Lentiginous Melanoma

Acral lentiginous melanomas are a fairly uncommon subtype
(5-10%) and occur primarily in non-Caucasian populations
such as people of African or Japanese descent (23). They pre-
sent on acral sites such as palms, soles of the feet, or under
the nails. On the skin they present as slow growing patches
with variegated pigmentation (22). Histologically, this subtype
displays single cells or nests of melanocytes along the der-
mal-epidermal junction, and the association of lymphocyte
infiltrates can be used as a diagnostic marker for this subtype
of melanomas (14, 22).

Desmoplastic Melanoma

Desmoplastic melanoma is a rare form of melanoma compris-
ing 4% of primary melanomas and defined by the histological
features observed in its dermal component (22, 25). It occurs

primarily on the head and neck region in elderly individuals
and is associated with higher probability of recurrence but a
lower incidence of metastasis (25). Histologically, it is char-
acterized by spindle-shaped melanocytes and a desmoplastic
stroma, i.e., new collagen formation, and usually appears to be
amelanotic (22, 25).

Risk Factors and Driver Mutations

Melanoma occurs via a complex interplay of genetic and environ-
mental risk factors. The primary environmental risk factor of
concern is UV solar radiation as well as, UV rays from tanning
beds (26, 27). Individual risk factors include the increased
presence of melanocytic naevi, skin complexion, and in certain
cases, family history of melanoma (26, 28). Melanomas display
one of the highest mutational burdens among solid tumors
(25). Thus, the molecular profiles that are associated with vari-
ous subtypes of melanoma are the subject of current studies.
In particular, it is crucial to distinguish “driver” mutations, or
mutations that confer a survival advantage, from “passenger”
mutations, which have negligible or no contribution to tumor
growth (29). Understanding the mutational landscapes of
a cancer allows for the development of targeted therapies
that can significantly improve clinical outcomes. A massive
study conducted by researchers of The Cancer Genome Atlas
Network, was reported in 2015, and determined the first-ever
comprehensive genomic classification system for cutaneous
melanomas (30). These four distinct subtypes were based on
the pattern of the major significantly mutated genes, i.e., BRAF,
RAS, neurofibromin 1 (NF1), and triple wild type (WT), which
denotes a lack of mutations in the three aforementioned genes
but is associated with higher copy number and structural rear-
rangement abnormalities. These subtypes do not correlate with
outcome but may help delineate the genomic changes associated
with melanoma thereby providing potential molecular targets
(30). Of further interest was the observation that immune gene
expression, and immune cellular infiltrates did correlate with
patient survival (30). As the studies of the major genomic aber-
rations in melanoma have been extensively reviewed elsewhere,
this section will describe a number of the most common driver
mutations seen in cutaneous melanoma [BRAF, NRAS, NF1,
microphthalmia-associated transcription factor (MITF), and
PTEN] (4, 15, 25, 28, 31).

BRAF

Nearly 60% of melanoma cases have mutations in BRAF (v-raf
murine sarcoma viral oncogene homolog B) (25, 32). Thus, a
brief overview of BRAF signaling is warranted. BRAF codes for
a serine/threonine protein kinase constituting part of the RAS-
rapidly accelerated fibrosarcoma (RAF)-mitogen-activated pro-
tein kinase kinase (MEK)-extracellular signal-regulated kinase
(ERK) [mitogen-activated protein kinase (MAPK)] pathway,
which is activated by the binding of extracellular growth fac-
tors to receptor tyrosine kinases (32). This binding leads to the
activation of RAS (named for Rat sarcoma) family of GTPases
(proteins that bind and hydrolyze guanosine triphosphate to
guanosine diphosphate, i.e., GTP to GDP), which recruit and
activate RAF serine/threonine protein kinases, which in turn
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activate MEK resulting finally in the phosphorylation of ERK
(32-35). The activation of ERK leads to downstream signaling
and activation of transcription factors that mediate cell differen-
tiation, growth, and inhibit cell death (33, 36).

BRAF is one of three mammalian RAF isoforms, and one
that has the highest basal kinase activity and thus is the most
common isoform mutated in human cancers that include mela-
noma but also hairy cell leukemia, papillary thyroid cancer and
colorectal cancer (CRC) (33, 36). The missense mutation,
V600E, results in a substitution from valine to glutamic acid
at the 600th amino acid position and represents the majority
(80%) of all BRAF activating mutations in melanoma (25, 28).
Other BRAF mutations include V600K (valine-lysine) and
V600R (valine-arginine). BRAF-activating mutations result in
constitutively active MEK signaling leading to tumor progres-
sion. In vitro, the V600E mutation confers 500-fold higher
activity in BRAF than normal and promotes the transforma-
tion of melanocytes to melanoma (37). BRAFY*® mutations
are also found in benign naevi indicating that alone, these
mutations may not be sufficient for tumor progression (38).
The presence of these mutations has led to the development
and approval of two BRAF inhibitors (BRAFi) for melanoma
treatment, namely, vemurafenib (Genentech/Plexxikon) and
dabrafenib (GlaxoSmithKline) as well as, a MEK inhibitor
trametinib (GSK) (33, 39).

NRAS

The second most common type of driver mutations in melano-
mas occur in NRAS (neuroblastoma RAS viral v-ras oncogene)
and are found in 15-20% of melanoma patients (28). The most
common mutation in NRAS occurs at codon 61 resulting in
the replacement of glutamine by lysine or arginine, thereby
resulting in a constitutively active RAS (38). This leads to
upregulation of both the MAPK and phosphatidylinositol 3’
kinase (PI3K) pathways and results in increased cell prolif-
eration and invasiveness (25). NRAS mutant melanomas have
increased thickness and display high rates of mitosis (25).
NRAS mutations are also found in benign congenital nevi (28).
NRAS and BRAF activations rarely occur in the same mela-
noma, albeit NRAS mutations being observed in patients with
advanced BRAF tumors who had failed BRAFi therapy and
which therefore may mechanistically contribute to resistance
to BRAFi treatment (28). Efforts to target NRAS have focused
on downstream inhibitors for the MAPK pathway and include
the MEK inhibitor binimetinib, which is undergoing clinical
trials (25).

Neurofibromin 1

Neurofibromin 1 encodes a large protein of more than 2,800
amino acids with multiple functional domains (40). It contains
several functional domains with one domain bearing resem-
blance to the catalytic region of GTPase-activating protein.
This is the most well-characterized domain of NF1 and acts
as a negative regulator for RAS by converting the active RAS-
GTP to the inactive RAS-GDP, thus playing the role of a tumor
suppressor gene (40, 41). Germline mutations in NF1 lead to
a genetic syndrome called neurofibromatosis type 1 (NFI1), a

relatively frequent genetic condition with an incidence of 1 in
3,000, resulting in a higher predisposition to multiple tumors
arising from various cell types (40). The incidence of melanoma
in patients with neurofibromatosis type 1 is very low. However,
NF1 somatic mutations are found in a range of cancers, and
it is the third common driver mutation in melanoma found
in nearly 14% of tumors (25, 41). Mutations in NF1 are more
commonly observed on skin with chronic UV exposure and in
elderly patients (40). NF1 inactivating mutations were found in
48% of a cohort of wild-type BRAF and NRAS melanomas and
are often associated with mutations in other RAS-related genes
such as RAS p21 protein activator 2 (RASA2), PTPN11, and
SPREDL1 (25, 40). Recent studies have also shown that NF1 may
be a unique driver mutation in DMs as NF1 loss-of-function in
DM is more common than for other histogenic subtypes (25).
Due to the crucial role of NF1 upstream of RAS/MAPK and
PI3K/mTOR pathways, NF1 mutant tumors have been targeted
with tyrosine kinase inhibitors (e.g., imatinib), MEK inhibitors
(trametinib), and mTOR inhibitors (sirolimus), but to date,
none of these agents have been reported in treatment of NF1
mutant melanomas (40).

Microphthalmia-Associated Transcription Factor
Microphthalmia-associated transcription factor is a helix-
loop-helix leucine zipper transcription factor required for
differentiation, proliferation, and survival of melanocytes and
thus, its expression is also necessary for melanoma survival
(42, 43). MITF also plays an important antiapoptotic function
in melanoma cells by activating the expression of genes such as
BLC2A1, BCL2, and BIRC7 (43). MITF is observed to be ampli-
fied in 20% of metastatic melanomas and is associated with
poor survival (25). MITF is regulated by the MAPK pathway
and in particular, BRAFY! causes induction of MITF through
the transcription factor BRN2 (N-Oct-3) (25). Alternately,
increased ERK signaling can also target MITF for degradation
(44). Finally, MITF is also purported to contribute to BRAFi
resistance through the regulation of the BCL2A1 antiapoptotic
gene (44). Although targeting of MITF directly may not be
viable, the use of histone deacetylase (HDAC) inhibitors can
reduce MITF expression. Hence, the HDAC inhibitor panobi-
nostat in combination with decitabine and chemotherapy is
being studied in clinical trials for metastatic melanoma treat-
ment (25).

PTEN

Phosphatase and tensin homolog (PTEN) is a commonly
mutated gene in melanoma and PTEN mutations were found in
14% of all melanoma samples from the TCGA genome classifica-
tion study mentioned above (25, 30). PTEN codes for a phos-
phatase which targets phosphatidylinositol (3,4,5)-triphosphate
and thus plays a crucial role in the aforementioned PI3K-Akt
pathway (45). PTEN silencing therefore results in dys-
regulated apoptosis, cell cycle progression and migration,
contributing to tumorigenesis (25, 45). It has been observed
that PTEN mutations are more frequent in metastatic
melanomas as opposed to early stage primary tumors (25).
The loss of PTEN also interferes with genetic stability, thus
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sensitizing PTEN-deficient cells to polyadenosine diphosphate
ribose polymerase (PARP) inhibitors (46). Currently, there
are no PARP inhibitor trials underway for the treatment of
metastatic melanoma (46).

Current Treatments for Malignant

Melanoma

The multiple clinical approaches to the treatment of early
and advanced melanoma are reviewed elsewhere (18, 20, 47).
As previously mentioned, the median survival associated
with metastatic melanoma (stage IV) remains very poor,
and the 10-year survival for all patients is under 10% (47).
Melanoma treatments involve the use of surgery, radiation or
systemic therapy (which includes immunotherapy) (18, 20).
For most primary melanomas, surgical excision of the tumor
remains the standard-of-care therapy. Biopsy and histological
examination of the sentinel LN is an important component of
melanoma staging and has been found to be a strong prognos-
tic measure (18, 20). When surgical excision is not an option,
primary lentigo maligna may also be treated with radiation
or cryotherapy (20). The treatment modalities for metastatic
melanoma are more complex as most single or even combina-
tion therapies are only successful in a subset of patients (18,
48). For patients with oligometastatic disease, surgery remains
a primary treatment (18, 48). Melanoma is considered a
relatively radiation-resistant cancer type, but radiation therapy
continues to be utilized for patients with brain metastases (47, 48).
Systemic therapy includes chemotherapy, targeted therapy, and
immunotherapy (18, 47). Studies with various agents, including
combination chemotherapy approaches, have shown that it has
limited efficacy in melanoma (18, 47). The major chemotherapy
drugs that have been used to treat melanoma including the
alkylating agents dacarbazine, temozolomide, and nitrosoureas
such as fotemustine and carmustine (47). Platinum analogs
(e.g., cisplatin) and antimicrotubular agents such as vinblastine
and paclitaxel have also shown modest efficacies in patients with
metastatic melanoma (47). Recently, clinical studies have been
performed using biochemotherapy, which combines cytotoxic
drugs with immunotherapies such as interleukin-2 (IL-2) and
IFNa (interferon alpha), and despite showing increased response
rates these patients did not experience prolonged overall sur-
vival (OS) (18). In patients with recurrent metastatic melanoma
in the limb, high doses of the cytotoxic drug melphalan and
recently, tumor necrosis factor (TNF) and IFNy are given to the
patient via isolated limb perfusion to reduce systemic toxicity
(48). A significant improvement in melanoma treatment was
observed using targeted therapies, which pharmacologically
inhibit key mutations in melanoma. These include the BRAFi
drugs vemurafenib and dabrafenib, and the MEK inhibitor
trametinib (39). Targeted therapies for melanoma have been
expertly reviewed elsewhere (39, 49). The major clinically
approved immunotherapies for melanoma include adjuvant
treatments such as IL-2 and interferon alfa (18, 48). A few clini-
cal groups have had success with adoptive T cell therapy in a
subset of patients (50). Finally, immune checkpoint blockade
(ICB) with antibodies targeted to cytotoxic T lymphocyte

antigen-4 (CTLA-4) (ipilimumab) and programmed cell death
protein 1 (PD-1) (nivolumab and pembrolizumab) has resulted
in significant improvements in clinical outcomes for a propor-
tion of melanoma patients (39). Targeting the ligand for PD-1
(i.e. PD-L1) is also being studied in clinical trials (51, 52). This
review will summarize the evolution of immunotherapies in the
context of melanoma and discuss novel opportunities to sig-
nificantly enhance tumor immunotherapy. To assess the results
of clinical studies, it is pertinent to mention some of the key
measures used in clinical trials and criteria defined within the
RECIST (Response Evaluation Criteria in Solid Tumors) (53).
OS is defined as the time from randomization of the treatment
subject to time of death due to any cause, while the more utilized
progression-free survival (PFS) metric, denotes time from ran-
domization until tumor progression or death (54). The overall
objective response rate (ORR) is a measure of the percentage of
patients who have had either a partial response (PR) or complete
response (CR) to treatment (54). PR is defined as a decrease
of at least 30% in the sum of the diameters of the target tumor
lesions while CR indicates the disappearance of all target lesions
(53). Finally, progressive disease (PD) is defined as at least a
20% increase in the sum of the target lesions’ diameters while
stable disease (SD) denotes a state where the lesions do not
shrink enough to signal PR or increase sufficiently to indicate
PD (53). Thus, these parameters provide an objective methodol-
ogy to measure the results of a treatment (53, 54).

IMMUNOBIOLOGY OF MELANOMA

Cancer Immunoediting

Over the past decade, cancer immunotherapy has emerged as
a vital new approach to cancer treatment (55, 56). The earliest
evidence of the involvement of the immune response in fight-
ing cancer was observed over a century ago. In 1893, William
Coley, a surgeon in New York published a report describing
tumor regression in a number of patients treated with cultures
of the bacterium Streptococcus pyogenes (57, 58). However, the
immunological basis of these results was not yet known and
the approach did not gain wide acceptance in the medical field.
Nevertheless, subsequent observations in murine models led to
the formulation of the “cancer immunosurveillance” hypothesis
by Macfarlane Burnet and Lewis Thomas in the middle of the
century (59, 60). The hypothesis posited that lymphocytes
played a protective role by continuous recognition and elimina-
tion of malignant cells (61). Currently, the concept of “cancer
immunoediting” is forwarded as a comprehensive depiction
of the continuous interplay between tumors and the immune
system (62, 63). Cancer immunoediting posits the existence
of three distinct phases, namely, elimination, equilibrium, and
escape (63, 64). In the elimination phase, innate and adaptive
immune mechanisms eradicate neoplastic cells before they
become clinically detectable cancers (64). This phase has not
been directly observed in vivo but the increased susceptibility to
developing cancer in immunodeficient mouse models provides
evidence of the existence of this stage of immunoediting (64).
Further observations in humans such as the increased risks of
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cancers in patients with immunodeficiencies or undergoing
immunosuppression for organ transplantation, as well as cases
of spontaneous tumor regression lend further proof to this
paradigm (64, 65). During the equilibrium stage, rare cancer-
ous cells that were not destroyed during the elimination phase,
are kept in check by the immune system while influencing
the immunogenicity of the tumor (62). This state results in a
form of tumor dormancy and is considered to last a long time,
potentially lasting the lifetime of an individual. Furthermore,
this phase enacts a selective pressure on the tumor cells, allow-
ing those with the potential to evade the immune system to
escape immune control and manifest as clinical disease (62,
64). A landmark study in 2007 demonstrated the existence of
the equilibrium phase in vivo. Using a carcinogenic compound
(3’-methylcholanthrene -MCA), the authors were able to study
stable tumor masses at the site of MCA injection (66). When
treated with a cocktail of antibodies targeting CD4, CD8, and
IFNy, 60% of the mice developed rapidly growing tumors.
Furthermore, the authors demonstrated that these rapidly grow-
ing tumors resembled “unedited” tumors from MCA-injected
RAG™~ mice (mice lacking recombination activation gene
RAG1) (66). Finally, it was shown that this equilibrium state
required components of adaptive immunity (IL-12, IFNy, CD4",
and CD8" cells) but not key components of innate immunity
such as NK cell recognition and effector functions (66). Thus,
while the immune system is capable of controlling cancerous
cells during the equilibrium phase, it also drives the selection
of cells that are able to evade immune attack and develop into a
progressively growing tumor. This stage is known as the escape
phase of immunoediting. This escape is made possible due to a
number of potential mechanisms which have been reviewed in
detail (61, 63, 65). Briefly, the cells can evade immune detection
by reducing the expression of immunogenic tumor antigens or
by reducing major histocompatibility complex class I (MHC I)
(62, 64). Another route of escape involves decreased susceptibil-
ity to immune-mediated cytotoxicity through upregulation of
oncogenes and anti-apoptotic mediators (64). Finally, tumor
cells harbor the potential to modulate the immune system by
producing immunosuppressive cytokines such as transforming
growth factor beta (TGFp) and vascular endothelial growth
factor (VEGF). Moreover, tumor cells can recruit regulatory
immune cells [e.g., regulatory T cells (Treg)] or engage in
adaptive immune resistance via the expression of immune
checkpoint ligands such as programmed death-ligand 1 (PD-L1)
(64). Finally, the notion of “reverse immunoediting” has been
proposed as some cancers can cause the selective depletion of
specific high-avidity cytotoxic T cell (CTL) clones via hitherto
unknown mechanisms and thus actively shape the immune
repertoire of the host (67). The pathways used by tumor cells
to escape the immune system are therefore studied extensively
to devise immunotherapeutic approaches for cancer treatment.

Immune Response to Melanoma

The immune response to tumor cells is currently one of the
major areas of research in biomedical science. An overview of
antitumor immune response is provided by the concept of the
cancer-immunity cycle as described by Chen and Mellman (68).

It commences with the release of tumor antigens that are pre-
sented by antigen-presenting cells (APC), primarily dendritic
cells (DC), to T cells in the LN (Figure 2). This is followed by
the trafficking of T cells including CD8* cytotoxic T lymphocytes
(CTL), to the tumor where they can recognize and kill malignant
cells, thereby releasing more cancer antigens (68). However,
at each step, there are negative regulators that can disrupt the
cancer-immunity cycle and allow progression of the tumor (68).
One of the primary aims of cancer immunotherapy is therefore
to ensure a sustained T cell response against the tumor (55). The
complex biology of the interactions between tumor cells and
the innate and adaptive immune system has been extensively
reviewed elsewhere (68-72). Thus, the primary focus of this
section will be to provide a basic primer to cancer immunology
and in particular, to the biological and therapeutic significance
of the major types of immune cells in the tumor microenviron-
ment (TME) in melanomas. For the purposes of this review, the
populations of interest are tumor-infiltrating lymphocytes (TIL),
tumor-infiltrating dendritic cells (TIDC), and tumor-infiltrating
natural killer (NK) cells. The cancer-specific roles of tumor-
associated macrophages (TAM), NKT cells, the more recently
described myeloid-derived suppressor cells (MDSC), and non-
NK innate lymphoid cell subsets (ILC) have been thoroughly
reviewed elsewhere (73-77).

Tumor Antigens

As tumors arise from a host’s own tissue, immune recognition
of these cells is hindered by the fact that a majority of poten-
tially autoimmune cells are deleted during central (thymic) and
peripheral mechanisms of self-tolerance (78). However, as early
as 1943, it was observed that mice could immunologically reject
chemically induced tumors (79). In the late 1970s, the ability to
grow CTL cultures using IL-2 allowed for screening of tumor-
derived DNA libraries to characterize tumor antigens (79). In
1988, the gene coding for a murine tumor antigen (P91A) was
cloned (80). Shortly afterward, the first human tumor antigen
gene was identified in melanoma, namely, MAGEAI (melanoma
antigen family A, 1) and was found to be expressed in various
types of tumors (81). Interestingly, the gene was not observed
to be expressed in normal tissue except for trophoblastic cells
and male germline cells (79). Since then, several tumor antigens
have been discovered, and their underlying biology has been
the subject of much study (82, 83). There are several types of
tumor antigens, but they have been broadly classified into three
major categories. The first category includes antigens that are
caused by non-synonymous mutations, or are encoded by viral
genes in tumors of viral etiology (83). These are labeled tumor-
specific antigens (TSA) or “neoantigens” (83, 84). Alternately,
tumor-associated antigens (TSA) are usually expressed at low
levels in normal tissues but are found to be overexpressed
in cancer cells such the surface receptor, human epidermal
growth factor 2 (HER2 or ERBB2) in breast cancer, and other
malignancies (85). Finally, cancer/testis antigens (CTA) such
as the aforementioned MAGE family of proteins are expressed
in several tumor types and only in normal germline cells such
as trophoblasts, ovaries and the testes (82, 83). The advent of
high-throughput next-generation sequencing technology has
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FIGURE 2 | Schematic of the roles dendritic cells (DC) play in antitumor immune response. DC take up and process tumor-associated/tumor-specific
antigens (TAA/TSA) from dying tumor cells, undergo maturation, and migrate to tumor draining lymph nodes (LN) where they can present antigen to
lymphocytes. Tumor-specific T cells then egress from the LN and infiltrate the tumor. Effector CD8+ cytotoxic T lymphocytes play a major role in killing tumor
cells, leading to further release of TAA/TSA for DC uptake and subsequent presentation. Inset panel: Costimulatory and inhibitory interactions at the
antigen-presenting cell (APC)-T cell immunological synapse. The activation of T cells by APC is tightly regulated by multiple ligand-receptor interactions.
TCR binds to cognate antigen (AG) in the context of their specific MHC. Costimulatory molecules such as CD80 (B7.1) and CD86 (B7.2) on APC can either
bind to CD28 on T cells resulting in downstream activation of T cell effector genes or to cytotoxic T lymphocyte antigen-4 (CTLA-4) resulting in inhibition.
Further T cell activation is achieved through cytokines. Programmed cell death protein 1 (PD-1) is another immune checkpoint receptor and is expressed

on activated T cells. The primary ligand for PD-1 (PD-L1) is expressed on APC and on some tumor cells, and upon binding to PD-1 acts to inhibit T cell

allowed for relatively low-cost detection of somatic mutations
in tumor cells. There are currently several approaches being
formulated to tailor individualized immunotherapies for
patients on the basis of their expression of tumor neoantigens
(83). Although currently personalized approaches are highly
expensive, it is posited that with the continuing reduction of
sequencing costs and using combinatorial treatments, it may
be possible to even target tumors that are non-responsive to
immunotherapy (83). Since their discovery, tumor antigens
have been used for multiple purposes in cancer treatment. They
have been used as diagnostic markers, cancer vaccines, and as
targets for adoptive T cell therapy (82, 86, 87). In general, most
tumor antigens elicit a weak immune response against cancer
and have been tested clinically in combination with adjuvants
or additional treatments (87). To date, cancer vaccination or
adoptive transfer targeting specific tumor antigens has not
shown major survival advantages in melanoma (48, 88). The
three major types of tumor antigens that have been described
and used in melanoma immunotherapy are discussed below.
A majority of described melanoma antigens are restricted to
human leukocyte antigen A2 (HLA-A2) (89).

MAGE Family
The MAGE (melanoma antigen) family is divided into two major
groups type I MAGEs and type II MAGEs. The type I MAGE

subfamily consists of 25 functional genes located on the X chro-
mosome in the regions MAGEA, MAGEB, and MAGEC (82, 90).
These genes are classified as CTAs and are expressed in melanoma
as well as other cancer types such as colon cancer, non-small
cell lung cancer (NSCLC), and breast cancers (90). Conversely,
type II MAGE genes are expressed in several types of normal
tissue and are not X chromosome restricted. Both type I and
type I MAGEs contain the MAGE homology domain (90). Due
to the extensive homology between the MAGE proteins, there
is a lack of antibodies that recognize specific MAGE antigens.
In several cancer types, nuclear and cytoplasmic staining using
widely reactive anti-MAGE antibodies have been performed and
although the functions of MAGE proteins are not known, there
is some evidence that they play a role in cell cycle progression
and apoptosis (91). The MAGE family of proteins may serve
as useful targets for immunotherapy. After encouraging results
from Phase I/1I studies, the DERMA phase I1I clinical trial aimed
to assess a vaccine using MAGE-A3 protein in combination with
an immunostimulant, in melanoma patients following tumor
resection (92). However, in 2016 the trial was ended as it failed to
show efficacy (NCT 00796445). Nevertheless, the lack of MAGE
family gene expression in normal tissue and their overexpression
in cancer cells is one of the key reasons they remain attractive
targets for future immunotherapy treatments. Other CTAs
observed in melanoma include the B-M antigen-1 (BAGE) and
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G antigen (GAGE) family of proteins, and their functions are
currently being studied (86).

NY-ESO-1

NY-ESO-1 (New York esophageal squamous cell carcinoma-1) is
a CTA that is also located on chromosome X and is expressed in
a wide range of malignancies (93). In normal cells, this antigen
is primarily expressed on spermatogonia and at very low levels
in pancreas, liver, and placenta (93). A homolog of NY-ESO-1,
LAGE-1 has also been reported and is expressed in a wide variety
of human cancer types. The biological functions of both proteins
are unknown (93). NY-ESO-1 is a highly immunogenic tumor
antigen and is able to elicit a detectable antibody response. In
human melanoma, it is observed in a large frequency of mela-
noma patients (46%) and some studies indicate that its expression
may be higher in metastatic lesions (93, 94). Due to its expression
in a large fraction of melanomas, immunotherapy trials continue
to be conducted using the NY-ESO-1 antigen as part of a tumor
vaccine, or more recently using adoptively transferred lympho-
cytes with recombinant TCRs specific for NY-ESO-1 (95, 96). The
adoptive transfer trial resulted in objective responses in 55% of
treated melanoma patients but the most efficacious strategy for
targeting NY-ESO-1 in melanoma immunotherapy remains to be
determined.

Melanoma Differentiation Antigens

A number of TAA in melanoma that are recognized by both CD4*
and CD8" T lymphocytes are on proteins specifically expressed
on melanocytes and involved in melanocyte-specific functions
(86,97). These TAA are located in melanosomes, the organelles in
which melanin is synthesized. Moreover, their role in oncogenesis
is not known (86). These antigens include tyrosinase, tyrosinase-
related proteins 1 and 2 (TRP-1 and TRP-2), Melan-A (MART-1),
and gp100 (pmell7) (82, 97). Tyrosinase and TRP-1/-2 are copper
and zinc containing metalloenzymes with homology at several
sequences and they play crucial roles in melanin synthesis (98).
Tyrosinase is the key enzyme in melanin synthesis and is located
on the membrane of melanosomes. It is observed in over 80%
of primary and metastatic melanomas (86). The exact function
of TRP-1 (gp75) remains unclear, but it is purported to play a
role in stabilizing tyrosinase (98). TRP-2 is a DOPAchrome
tautomerase and its overexpression is believed to contribute to
the chemoresistance and radiotherapy resistance of metastatic
melanoma (86, 97). Melan-A (melanoma antigen recognized
by T cells-1 or MART-1) is a single domain transmembrane
protein of 118 amino acids found primarily in melanosomes,
endoplasmic reticulum, and trans-Golgi network (86, 99).
MART-1 is crucial for the expression, trafficking, and stability of
the protein gp100 (pmel17) (99). It is expressed in all melanocytic
naevi, and a majority of primary and metastatic melanomas
(86). It has been observed that significantly higher frequencies
(100- to 1,000-fold) of naive CTL are found against a specific
MART-1 peptide (Melan-Ajs_35) compared to other antigens in
normal (non-cancerous) individuals who express HLA-A2 (79).
However, T cell recognition of MART-1 does not necessarily result
in improved clinical outcomes (97). Finally, the protein gp100
(premelanosomal protein-pmell7), is a transmembrane protein

that has a role in melanosome biogenesis and melanin polymeri-
zation (86). The gp100 gene was found to be widely expressed in
malignant melanoma at all stages but was significantly reduced
in normal melanocytes (100). HMB-45, a mouse monoclonal
antibody (mAb) to gp100, is used for diagnostic purposes to
distinguish non-melanocytic from melanocytic tumors (99). All
of the aforementioned differentiation antigens are recognized
by CD4* and CD8" T cells, while TRP-1, TRP-2, tyrosinase, and
gp100 can also elicit antibody responses (97). Thus, these antigens
are considered to be useful targets for melanoma immunotherapy
(86). The B16 syngeneic transplant model, obtained initially from
C57BL/6 mice, is one of the most widely utilized models in mela-
noma research (101). The most obvious advantage of this model
is that it expresses murine homologs of the melanoma differentia-
tion antigens (tyrosinase, gp100, MART-1, TRP-1, and TRP-2)
(102). Melanocyte differentiation antigens continue to be used
in a number of clinical studies in combination with various adju-
vants and immunostimulants such as granulocyte-macrophage
colony-stimulating factor (GM-CSF), but none of the studies
have to date shown significant improvements in OS in melanoma
patients (87, 103, 104). Due to the multiple mechanisms of tumor
immune escape, it remains particularly difficult to sustain a pro-
longed response to cancer antigens. However, recently the use of
nanoparticles (NP) containing mRNA encoding the melanoma
antigens, NY-ESO-1, tyrosinase, MAGE-A3, and a novel CTA
TPTE (a transmembrane phosphatase), has shown early clinical
promise in a pilot study of three patients (105). To be successful,
future immunotherapy trials will need to not only consider the
tumor antigens to be used but also the delivery vector, the format
(RNA, DNA or protein), and the appropriate adjuvants.

Tumor-Infiltrating Lymphocytes

A cardinal feature of cancer is the immunosuppressive TME
(106, 107). As the disease progresses, T cells in the TME exhibit a
phenotype analogous to that seen in chronic viral infection known
as T cell exhaustion (108). T cell exhaustion denotes a state of
hyporesponsiveness to antigen with reduced cytokine secretion
and cytotoxic function (108, 109). Nevertheless, the overwhelm-
ing majority of studies in human patients have demonstrated a
correlation between TIL and better disease outcomes in cancers
(110,111). An exception to this observation is that FOXP3 expres-
sion, a marker of Treg that has been shown to correlate to poor
prognosis in various types of human cancer (112, 113). The term
TIL was first described by Wallace Clark, who was instrumental
in developing the first histological classifications for melanoma as
mentioned above (114, 115). TIL have been described in primary
tumors, tumor-bearing LN, and in metastases of melanoma and
various other cancer types (114). The range of immune cells that
infiltrate a tumor, i.e., the “immune contexture” of a tumor is
heterogeneous and consists of various types of T lymphocytes,
B cells, NK cells, macrophages, and DC (111, 114). In 1989,
Clark published a classification of the three major patterns of
lymphocyte infiltration that are commonly used today (115). The
brisk pattern is indicated by interposed lymphocytes between
tumor cells that may be diffusely present throughout the tumor
nodule or along the advancing (basal) periphery of the nodule
(114, 115). The non-brisk pattern delineates a scattered multifocal
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presence of lymphocytes throughout the vertical growth phase
of the nodule. Finally, an absent pattern is associated with a
lack of lymphocytes in the tumor, or if they are present, their
lack of interaction with melanoma cells (115). In recent years,
various groups have attempted to further classify TIL or propose
novel grading schemes, but the Clark model remains widely
accepted and highly reproducible (114). In a recently published
report, it was shown that melanoma tumors with brisk TIL pat-
terns in primary melanoma H&E tissue, even in the absence
of immunohistochemistry for specific markers, was associated
with increased OS in patients versus tumors with non-brisk and
absent patterns (116). The importance of TIL has been used to
establish a novel classification system for cancer based on an
“Immunoscore;” which relies upon the quantitation of CD3 and
CD8 lymphocytes with the additional marker CD45RO used
to mark memory T cells. The “Immunoscore” was found to be
superior to the conventional AJCC TNM system for prognosis of
stage I-I1II colorectal cancer (CRC) (117). Similar approaches are
now being tested for immunoscoring of melanoma but have not
been tested in large patient cohorts (118).

An additional feature observed in cancer, and other situa-
tions of chronic inflammation is the formation of tertiary lym-
phoid structures (TLS—also called tertiary lymphoid organs)
(119, 120). These TLS can range from loose aggregates of various
immune cells to complex structures that resemble secondary
lymphoid organs such as LN. They consist of T cell-rich regions
containing mature DC expressing DC-LAMP (lysosomal associ-
ated membrane protein), B cells, and high endothelial venules,
which play a role in immune cell extravasation and production
of key chemokines (120). In 2012, Messina et al. reported that a
gene expression profile consisting of 12 chemokines could accu-
rately predict the histological presence of LN-like TLS in stage
IV melanoma (primary tumors and metastases), and the TLS
correlated strongly with improved overall patient survival (121).
Other studies have shown that the presence of TLS is a positive
prognostic indicator in melanoma and a range of other cancer
types including breast carcinoma, CRC, and pancreatic cancer
(120). Thus, these results suggest that lymphocyte infiltration
mediates a protective immune response to cancer.

However, many tumors are not T cell inflamed, and the
mechanisms underlying T cell infiltration into the tumor are
poorly understood (89, 122). In the context of melanoma, a recent
study compared all major classes of melanoma tumor antigens
between T cell inflamed and non-T cell inflamed tumors and
found that there were no differences between both groups in
terms of antigen load (123). Rather it was shown that non-T cell
inflamed melanomas displayed reduced gene expression associ-
ated with Batf3-dependent, CD141* DC (123). Furthermore,
studies have pointed to the ability of tumors to interfere with
chemokines that recruit leukocytes to tumors. Finally, the abnor-
mal tumor vasculature may express reduced adhesion molecules
required for homing and directly or indirectly suppress T cells by
expression of molecules such as PD-L1, PD-L2, VEGE and TGFf
(122). Once T cells infiltrate the TME, they are acted upon by a
range of immunoregulatory mechanisms that prevent complete
eradication of the tumor (72). These can be tumor-specific escape
mechanisms or the recruitment of suppressive immune cells. For

instance, mutations in BRAF or PTEN loss are associated with
increased T cell inhibition by production of IL-1 and VEGEF (72).
Furthermore, conserved immunoregulatory mechanisms are also
at play within the TME the production of immunosuppressive
mediators [TGFp and indoleamine 2,3 dioxygenase (IDO)], and
the recruitment of regulatory myeloid and lymphoid cell popula-
tions (72). Another important consideration is that although,
CD8* T cells are canonically considered the primary cytotoxic
cells involved in tumor eradication, CD4* T cells can also kill
tumor cells (89). However, the precise mechanisms of CD4*
antitumor immunity are not well described, and the role of CD4*
T cell infiltration in the TME has not been explored significantly
with the exception of FOXP3*CD4* Treg (72, 89). A recently con-
cluded meta-analysis demonstrated that FOXP3* Treg infiltrates
were predominantly associated with worse OS in a review of over
17 types of cancer (124). In most tumors, such as cervical, renal,
breast cancers, and melanoma, FOXP3* Treg infiltrates correlated
with shorter OS whereas they were associated with improved sur-
vival in patients with colorectal, head and neck, and esophageal
cancers (124). In recent years, several studies have described
the heterogeneity in FOXP3-expressing cell populations (125).
In 2016, Saito et al. showed that human CRCs could be distin-
guished by the extent of infiltration of two distinct FOXP3+CD4*
T cell populations (126). Type A CRCs had low frequencies
(<9.8%) while Type B had comparatively higher frequencies
(>9.8%) of infiltrating non-suppressive FOXP3°CD45~ T cells.
Infiltration by these non-suppressive T cells was correlated with
the presence of intestinal bacteria, in particular Fusobacterium
nucleatum within the tumor (126). Furthermore, Type B CRCs
were marked by high mRNA expression of ILI2A and TGFBI
compared with Type A and tumors with high expression of these
mRNAs exhibited significantly longer disease-free survival versus
low expressing tumors. Thus, FOXP3* T cell infiltration must be
considered in combination with other immune signatures while
determining the immune status of a tumor. In addition to T cells,
the roles of B cells in the TME are being currently explored as they
have both APC and effector lymphocyte functions (127). Studies
in melanoma have demonstrated that CD20" infiltrating B cells
are found in most tumors and higher levels of these infiltrates
correlated with improved patient survival (127). Furthermore,
B cells are known to produce IgG antibodies that can recognize
tumor cells and within a murine model of organ transplanta-
tion have been observed to promote chronic allograft rejection
through antigen presentation rather than their antibody secreting
functions (127, 128). Finally, recent studies have also focused on
the roles of putative regulatory B cells in the context of trans-
plantation and autoimmunity, as these cells can produce potent
immunosuppressive mediators such as IL-10 and TGFf (129).
The multiple immunoregulatory mechanisms that effect TIL are
the targets of a majority of current immunotherapies. However,
as the aforementioned observations indicate, there are several
functionally redundant pathways that allow for immunological
escape of tumors in immunocompetent individuals. Thus, to be
successful, the field of immunotherapy must move toward combi-
natorial and multipronged approaches for tumor treatment. This
involves investigation of the mechanisms of innate immune cells
such as NK cells, TAM, and TIDC within the TME.
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Tumor-Infiltrating Dendritic Cells

Despite their discovery over 40 years ago, the exact mechanisms
underlying DC dysfunction in cancer remain poorly understood
(107). In both mice and humans, DC are classified into two
major subsets comprised of conventional or cDC, and plasma-
cytoid DC (pDC) (130). In non-steady state conditions such as
cancer or autoimmune disease, inflammatory DC derived from
monocytes have also been described in humans and in mice
(130, 131). Despite the fact that nearly all DC subsets express
the surface marker CD11c, there are unique transcription factors
and surface proteins that characterize the major DC subsets in
human and mice. These markers have been extensively reviewed
in the literature, but further study is needed to accurately profile
each subset (130, 132, 133). DC canonically present extracellular
antigens on MHC class II while intracellular or self-antigens
are presented on MHC class I (134). However, murine and
human DC also possess the capacity to cross-present antigens
of extracellular origin on MHC class I to activate CD8* CTL
(135, 136). In humans, the primary cross-presenting DC subset
is characterized by CD141 (BDCA-3) while in mice this subset
is marked by surface expression of CD8a or CD103 (137). The
mechanistic roles played by various DC subsets in both tumor
progression and the response to treatment are a key area of
research for cancer immunotherapy with little consensus as
to their frequencies and functions (102, 107). In 2008, it was
reported that knocking out Batf3 in mice eliminated CD8u*
DC, and consequently it was demonstrated that these mice were
incapable of cross-presenting antigen or rejecting highly immu-
nogenic fibrosarcomas (138). Although pDC are purportedly not
efficient at cross-presentation, studies have shown their capacity
to mediate direct tumor killing and to activate NK cells via the
production of type I IEN (139). Despite the key roles played by
TIDC in promoting antitumor responses, generally TIDC are
skewed in both phenotype and function toward an immunosup-
pressive role in the microenvironment (107). These alterations
in TIDC have been mechanistically studied in murine models
(107, 140). The TME has been reported to induce a “paralyzed”
state in TIDC resembling an immature phenotype with reduced
expression of costimulatory CD80 and CD86 molecules and a
diminished capacity to present antigens (107). This induction
is a result of various immunosuppressive factors such as VEGF,
TGEF, IDO produced by tumor cells as well as by other cells in
the TME (72, 107). Furthermore, DC paralysis in mouse models
has been observed to be associated with upregulation of immune
checkpoint receptors such as PD-1 and T cell immunoglobulin
and mucin-domain containing-3 (TIM-3), which was reported
to interact with the alarmin protein high mobility group box 1
(HMGBI1) resulting in reduced DC sensing of tumor-derived
nucleic acids (107). TIDC with immature and paralyzed phe-
notypes themselves suppress immune cells in the TME through
various mechanisms such as but not limited to, expression
of inhibitory molecules (PD-L1), production of regulatory
cytokines such as IDO and induction of Tregs (107, 141).

As previously noted, there has been significant research on TIL
in melanoma. On the other hand, the mechanistic roles of TIDC
in melanoma are not well studied. Melanoma is of particular
interest due to the fact that skin contains multiple DC subsets.

The five major DC subsets found in human skin are Langerhans
cells, CD14* DC, CD1c* DC, CD1a* DC, and CD141* DC (133).
The correlations between various TIDC subsets and disease
outcome, their association with other cells and specific functions
have not yet been fully elucidated (102). However, recently it
was demonstrated that intratumoral CD103* DC in mice were
crucial for trafficking of melanoma tumor antigen to LN and
were dependent on surface expression of CCR7 (142). Enhanced
CCR7 mRNA expression in human melanoma samples was also
correlated to increased T cell infiltrates and improved patient
outcomes (142). In general, it is observed that there are higher
frequencies of TIDC in the peritumoral region than within the
tumor (102). These peritumoral DC include arguably the most
mature population of DC-LAMP*CD83*fascin™ cells (102). In
fact, DC-LAMP expression is associated with positive prognosis
in not only melanoma but also lung, breast, and metastatic CRC
(120). On the other hand, CD123* pDC that do in principle pos-
sess the capacity to promote antitumor responses are found to
be associated with early relapse and poor prognosis in human
melanoma (102, 143). It was shown in both ex vivo patient sam-
ples and in that a humanized melanoma mouse model that pDC
in melanoma are directed toward a Tu2 promoting phenotype
by induction of the molecules OX-40L (TNFSF4) and ICOSL
(inducible T cell costimulator ligand), which then drive tumor
progression (143). To comprehensively characterize TIDC in
melanoma, it is crucial to obtain genomic data to appropriately
distinguish and profile TIDC subsets. Pyfferoen et al. performed
transcriptomic profiling of DC in a murine model of lung carci-
noma and demonstrated that TIDC had significantly increased
expression of PD-L1, acquisition of TAM surface markers and a
pro-metastatic microRNA signature (144). To date, similar stud-
ies have not been performed in human melanoma. There have
been several studies in murine models that have demonstrated
the therapeutic reprogramming of TIDC (107). Thus, manipula-
tion of TIDC represents a hitherto unexplored target for future
melanoma immunotherapies. Many of the same agents that have
been shown to induce DC activation and maturation in vitro
have been tested for direct targeting of DC in vivo (133, 145).
For instance, direct administration of BCG has been utilized for
the treatment of bladder cancer for over 30 years although its
precise mechanisms of action in vivo are still under study (146).
Direct modulation of DC in vivo using DC maturation agents and
mAbs is a highly desirable goal in tumor immunotherapy. This
is due to the excessive costs, safety considerations, and practical
limitations of using cellular products (147). As such, the identi-
fication of both targetable DC receptors and maturation stimuli
continues to be an active area of research interest. In particular,
targeting antigen-coupled antibodies to DC C-type lectin recep-
tors (CLRs) such as DEC205 (CD205), Clec9A, and DC-SIGN in
murine and in vitro studies resulted in effective CD4* and CD8*
T cell responses (145, 148). Additional receptors such as XCR1
(expressed entirely on CD141* DC) are also being studied for
their effects on DC function (133). Clinical trials for multiple
cancer types are presently underway to investigate the efficacy of
anti-DEC205 conjugated to the cancer-testis antigen NY-ESO-1,
which is also used for melanoma immunotherapy (133, 149).
Recently, a series of seminal papers have shown the importance of

Frontiers in Immunology | www.frontiersin.org

97

December 2017 | Volume 8 | Article 1617


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

Sadozai et al.

Advances and Perspectives in Immunotherapy of Melanoma

the cytosolic DNA sensor cyclic GMP-AMP (cGAMP) synthase
(cGAS) in promoting antitumor immunity (150-152). DNA
introduced to the cytosol as a result of viral infections or cellular
damage is a potent immune activator that leads to the production
of type IIFN (153). Upon detection of DNA by cGAS, it catalyzes
the production of cGAMP that binds to the adaptor protein
stimulator of interferon genes (STING) ultimately resulting in the
production of type I IFN (153). In 2014, Woo et al. demonstrated
in a mouse model that tumor-derived DNA was responsible for
inducing IFNp production and the consequent activation of APC
and CD8" T cells versus melanoma in vivo (150). Alternately,
mice deficient in STING failed to reject these tumors highlighting
the crucial role played by this pathway in the immune response
to cancer (150, 151). In a more recent paper, Wang et al. showed
the role of cGAMP in mediating the effects of ICB (152). It was
reported that in mice lacking either cGAS or STING, PD-L1
blockade did not result in significant shrinkage of tumor volume
or increase in survival compared with WT mice. Moreover,
intramuscular injection of cGAMP in combination with PD-L1
significantly enhanced survival, compared with PD-L1 or cGAMP
alone (152). Finally, it was also shown that cGAMP treatment
of BMDC enhanced expression of DC activation markers and
increased DC antigen cross-presentation. Another molecule that
has recently gained interest for its effects on DC is IL-32. In 2012,
Schenk et al., identified an IL-32-dependent mechanism for DC
differentiation in response to nucleotide-binding oligomerization
domain containing protein (NOD2) activation through its ligand
muramyl dipeptide (154). DC obtained from IL-32 differentiation
were found to express higher levels of MHC class I and CD86,
as well as, present antigen to CD8" T cells more effectively than
GM-CSF differentiated DC (154). These studies highlight the
multiple pathways that may be targeted to generate effective DC
in vivo, which is essential for antitumor immunity.

NK Cells

Natural killer cells were characterized over 40 years and are the
first population of ILC to be described and studied (155, 156).
NK cell defects lead to enhanced susceptibility to viruses and
many forms of cancer in humans and in mouse models (156).
NK cell functions are modulated by a number of surface recep-
tors that provide either NK activating or inhibitory signals (156,
157). NK cells are broadly defined as CD3-CD56" in humans
and CD3°NKI1.1* in mice while both murine and human
NK cells express the surface receptor NKp46 (CD335) (156).
In humans, NK cells are further divided into CD16*CD56%™
which predominate in blood, and CD16-CD56"" populations
(156). Canonically, NK cells can recognize tumor cells that have
downregulated MHC class I molecules or upregulated induced
stress molecules (155, 156). NK cells can also bind to antibod-
ies bound to tumor antigens and mediate antibody-dependent
cellular cytotoxicity (156). As with CD8* CTL, NK cells mediate
their cytotoxic functions through perforin and granzymes, as
well as, by expressing death mediating ligands such as FasL
(CD95L) and TRAIL (TNF-related apoptosis inducing ligand)
(156). Activated NK cells also produce IFNy, among other
cytokines, which leads to recruitment of other immune cell
populations (156).

The roles of NK cells in the TME are currently not fully
described (155, 157). Several studies have indicated that NK cell
infiltration is generally a positive prognostic factor in various
types of cancer (155). In the context of melanoma, the roles of
NK cells are an important venue of research. Analysis of several
melanoma cell lines indicated that a high percentage of mela-
noma cells possess ligands for a NK activating receptors such as
NKG2D and DNAMI1, while ligands have also been identified
for NK-bound NCR (natural cytotoxicity receptors) such as
NKp30 (157). Melanoma cells are also known to have decreased
MHC class I expression as a mechanism to escape CD8" T cells,
thus making them targets for NK cells (157). Despite these
observations, melanoma immunoediting leads to tumor escape
from NK cells via multiple mechanisms (157). Melanoma
immunoediting by NK cells increases expression of MHC I, or
downregulates NK ligands supported by the decreased expres-
sion of MICA reported in metastatic versus primary melanoma
(157).IDO and prostaglandin E2 (PGE2) produced by melanoma
cells act directly to inhibit NK cells while increased expression of
ligands to regulatory receptors such as TIGIT modulate NK cell
activity (157). In light of these observations, it will be important
to identify NK populations that have persistent antitumor activ-
ity and characterize their phenotypes to better understand the
mechanism involved in effective NK immunity. Recently, it was
reported that tumor-bearing/infiltrated LN in melanoma patients
contained twice as many NK cells as ipsilateral tumor-free LN
(158). These tumor-infiltrated LN also contained a population
of highly cytotoxic CD56*"KIR*CCR7* NK cells that may have
prognostic potential for melanoma (158). Conversely, mela-
noma, breast, and colon cancers were found to be infiltrated by
CD56M NK subsets, which are similar to decidual NK cells
during pregnancy thus implying a potentially regulatory role for
this subset (159). NK cells remain an important target for immu-
notherapy. Along with T cells, NK cells were used early on for
adoptive cell transfer therapy of melanoma in the 1980s and both
autologous and allogeneic NK cell adoptive transfers are being
studied in clinical trials (156, 157). Currently, two antibodies
for the blockade of NK checkpoints are under clinical develop-
ment, namely, lirilumab (anti-KIR-studied in combination with
ipilimumab) and IPH2201 (anti-NKG2A) for various types of
cancers including melanoma (157). However, further study of
NK cells in the melanoma TME is required to understand the
several mechanisms of immune escape from NK cells and CD8*
CTL and thus devise, rational combinatorial immunotherapies.

MELANOMA IMMUNOTHERAPY

In 2013, the journal Science hailed cancer immunotherapy as
the breakthrough of the year (56). This was in recognition of the
promising clinical responses that can be achieved by directing
the immune system to fight cancer. Despite highly encouraging
advances, current immunotherapies only result in clinical benefit
for a subset of patients (160, 161). Thus, there is a significant sci-
entific effort to understand the tumor cell-intrinsic and extrinsic
mechanisms of resistance to immunotherapy (162). The three
major mechanisms of resistance to immunotherapies have been
conceptualized as follows. Primary resistance denotes a clinical
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setting where the initial immunotherapy is unsuccessful. This
can be due to adaptive resistance which defines a mechanism
whereby there are initial antitumor immune responses but are
inhibited by adaptation and immune escape of the tumor (162).
Clinically, adaptive resistance may be seen as primary resistance,
mixed responses or acquired resistance. Acquired resistance
describes a clinical scenario where the tumor initially responded
to immunotherapy but has eventually progressed and acquired
resistance to the therapy (162). To overcome resistance to various
forms of immunotherapy, it will be important to understand the
mechanisms that allow tumor cells to escape immune attack.
The clinical experience with melanoma immunotherapies has
shown significant promise and there is increasing evidence that
a multipronged approach may be required to ensure durable
responses in a majority of patients. This section describes the
major immunotherapies that have already been developed or are
under clinical development for the treatment of metastatic mela-
noma (summarized in Table 1). Advances in immunotherapy for
other types of cancers, as well as, the use of mAbs to specifically
target tumors have been previously reviewed in detail (163-166).

Early Advances in Melanoma

Immunotherapy

As previously noted, the mechanistic basis for Coley’s observa-
tions remained unknown for some time and during this time,
surgery, radiation treatment, and cytotoxic chemotherapy
became the primary means of cancer treatment. However, in
the context of melanoma, two major forms of immunotherapy
witnessed encouraging breakthroughs starting in the 1980s and

led to renewed interest in the entire field. These breakthroughs
occurred in systemic cytokine therapy with IL-2 and adoptive cell
transfer using TIL (183). In 1985, Rosenberg et al., demonstrated
in C57BL/6 mice that intraperitoneal injections of recombinant
IL-2 were capable of significantly attenuating pulmonary metas-
tases from tumors generated by the MCA-105 and -106 syngeneic
sarcoma and B16 syngeneic melanoma lines (184). Retrospective
analyses of metastatic melanoma patients who had been treated
with IL-2 demonstrated an ORR of 16% and represented a signifi-
cant advance in the treatment (185). IL-2 received FDA approval
in 1998 for metastatic melanoma. However, as systemic treatment
of IL-2 resulted in various toxicities, several groups have shifted
to intralesional administration of IL-2, which resulted in CR
rates of between 41 and 76% in various trials (48). In parallel
to the successes achieved with IL-2, Rosenberg and colleagues
reported the first successful use of adoptive T cell transfer for
the treatment of solid cancers (186). Patients were treated with
IL-2 and autologous TIL expanded from surgically resected
melanomas. Objective responses were observed in 60% (9/15)
of treated patients (186). Subsequently, in 2002, this approach
was combined with lymphodepletion prior T cell transfer and
demonstrated enhanced responses in patients (50). Currently,
adoptive cell therapy (ACT) using TIL remains one of the most
effective therapies for metastatic melanoma (183).

Immune Checkpoint Blockade

Drugs that mediate ICB by targeting the inhibitory receptors
CTLA-4 and PD-1 (Figure 2 inset panel) have been shown to
induce durable responses in subsets of patients with various types
of cancer including melanoma, NSCLC, and renal cell cancer

TABLE 1 | Key immunotherapeutics and their primary mechanisms of action.

Treatment Clinically tested agents Mechanism(s) of action Reference

Immune activating mAbs

aCTLA-4 Ipilimumab (Yervoy®) — Blockade of T cell checkpoint receptor (160, 167)

— Depletion of intratumoral Treg

aPD-1 Nivolumab (Opdivo®), pembrolizumab (Keytruda®) — Blockade of T cell checkpoint receptor (167, 168)

aPD-L1 Atezolizumab, durvalumab, avelumab — Blockade of inhibitory checkpoint ligand expressed on (167, 169)
immune cells and tumor cells

aCD137 (4-1BB) Urelumab — Agonist of T cell costimulatory receptor (170)

aKIR Lirilumab — Blockade of NK cell inhibitory receptor (157, 171)

alAG-3 BMS986016 — Blockade of T cell surface inhibitory molecule (167)

Adoptive T cell therapy

TIL Ex vivo expanded TIL - Infusion of pool of antitumor T cells (50, 172)

Engineered T cells Transgenic TCR or CAR bearing T lymphocytes — Infusion of engineered T cells specific for tumor antigens (50, 173)

Vaccines

Cell-based vaccines Tumor cells or activated DC/APC - Induction of tumor-specific adaptive immunity (87,174, 175)

Peptide vaccines Various tumor antigen peptides/lysates + adjuvant — Induction of tumor-specific adaptive immunity (165, 176)

Oncolytic viral vaccines Talimogene laherparepvec (T-VEC/Imlygic™) — Viral induction of tumor cell lysis and adjuvant (177,178)
mediated host immune activation

Cytokines

Interleukin-2 Aldesleukin (Proleukin®) - Activates and expands T cells (179, 180)

Interferon alpha Interferon alfa 2b (Intron® A, Sylatron™) — Activates multiple facets of immunity and has direct (181, 182)

effects on tumor cells

An overview of current immunotherapy approaches and their proposed mechanisms of action as discussed in this review.
Trade names are provided for drugs that have received clinical approval in melanoma. References provided for further description of each approach.
KIR, killer-cell immunoglobulin-like receptor; DC, dendritic cells; APC, antigen-presenting cell; TCR, T cell receptor; CAR, chimeric antigen receptor;

TIL, tumor-infiltrating lymphocyte; NK, natural killer; Treg, regulatory T cells.
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(RCC) (187-190). Furthermore, antibodies targeted to the PD-1
ligand, PD-L1, are undergoing clinical trials and have resulted
in objective responses for multiple cancer types (51, 191). To
date, the FDA has approved four mAbs for ICB therapy: (1) ipili-
mumab («CTLA-4); (2) nivolumab («PD-1); (3) pembrolizumab
(aPD-1); and (4) atezolizumab (aPD-L1) (192). They have been
approved for various advanced and metastatic cancers ranging
from unresectable or metastatic melanoma to urothelial carci-
noma (atezolizumab) (168, 192). Currently, only ipilimumab,
nivolumab, and pembrolizumab have received FDA approval for
melanoma (167). Due to the fact that checkpoint receptors play
important roles in regulating autoimmunity, the major toxicities
associated with the use of ICB drugs include a range of autoim-
mune symptoms labeled immune-related adverse events (IRAEs)
(193). The incidence of IRAEs is quite high, ranging from 70%
in patients treated with aPD-1/aPD-L1 antibodies to as high
as 90% in patients treated with aCTLA-4 and require careful
management in the clinic with immunosuppressive medications
(193). As ICB results in objective responses for only a subset of
patients, there is a crucial need to identify biomarkers that can
potentially predict the efficacy of a particular ICB treatment or
designate a particular subset of patients who may benefit from
ICB therapy (194).

CTLA-4
Cytotoxic T lymphocyte antigen-4 (also termed cytotoxic
T-lymphocyte-associated protein 4), is a crucial regulator of
T cell activation and ipilimumab, a human IgG1l mAb targeted
to this molecule was the first ICB drug to show clinical efficacy
in advanced melanoma and a number of other cancer types
(48, 195). CTLA-4 plays a key role in T cell immunity and its
molecular biology has been recently reviewed elsewhere (167,
196). However, to understand the clinical role of CTLA-4 block-
ade, a brief summary of its mechanism of action is warranted.
Naive T cells are modulated by APC through the interaction of
multiple surface receptors in a region referred to as the “immu-
nological synapse” (197). Canonically, naive T cells require 3
signals for complete activation (Figure 2 inset panel) (198). The
engagement of the TCR by peptide antigen presented in the
context of MHC, provides the first signal of T cell activation
(signal 1) (198, 199). T cells require further signaling from the
binding of costimulatory molecules on T cells such as CD28, to
its respective ligands CD80/86 on APC (signal 2). Finally, the
complete activation requires cytokines (IL-2) binding to their
cognate receptors on T cells (Signal 3) (199). As an evolutionary
checkpoint to autoimmunity, activated T cells induce surface
CTLA-4 expression, which binds with greater affinity to CD80/86
and mediates T cell inhibition and cell cycle arrest (195, 200).
CTLA-4 is also expressed constitutively on Treg (167). The crucial
role of CTLA-4 in maintaining tolerance is demonstrated by the
severe multiorgan autoimmune pathologies and early mortality
(3-4 weeks) observed in CTLA-47~ mice (201). Humans with
heterozygous germline mutations in CTLA-4 also exhibit autoan-
tibodies, increased intra-organ lymphocyte infiltration and other
symptoms of immune dysregulation (167).

In 2010, Hodi et al. demonstrated the clinical efficacy of
ipilimumab in patients with stage III and IV unresectable and

metastatic melanoma whose tumors were refractory to prior
treatments (187). The treatment subjects received ipilimumab
alone, ipilimumab plus the peptide gpl00 or gpl00 alone.
Patients receiving ipilimumab alone or ipilimumab plus gp100
had significantly increased median OS compared with those
receiving gp100 alone (roughly 10 versus 6 months) (187).
Currently, ipilimumab has only received FDA approval for
melanoma. However, a number of studies have shown modest
responses to ipilimumab in other tumor types such as metastatic
RCC and NSCLC, and it continues to be studied in clinical trials
as combination therapy with PD-1/PD-L1 (discussed below)
(160, 167). As mentioned previously,a number of immunological
toxicities (IRAEs) are commonly observed to occur in patients
treated with ipilimumab primarily in the skin, GI tract, and the
endocrine system and in some rare cases result in deaths (193).
The frequency of severe toxicities (grade 3 or 4) in the prelimi-
nary phase III trials of ipilimumab was demonstrated to be 20%,
but this value was not significantly higher than the toxicities
associated with many chemotherapy or targeted therapy drugs
(163, 195). Most IRAEs can be resolved within 6-12 weeks of
steroid therapy but for steroid-resistant adverse events, patients
can also be treated with immunosuppressive antimetabolite
drugs such as azathioprine and mycophenolate mofetil (193).
Novel CTLA-4 blockade agents including modified versions
of ipilimumab are also currently under study for a number of
advanced solid tumors with the aim of improving safety profiles
and tumor-specific delivery (202).

PD-1/PD-1 Ligand (PD-L1)

The most clinically successful agents for ICB to date target the
inhibitory PD-1/PD-L1 axis (169, 195). The transmembrane
receptor PD-1 (CD279) plays a crucial role in regulating
antigen-specific T cell responses (169, 203). PD-1 is not only
expressed on activated effector T cells but also on NK cells,
B cells, macrophages, and Tregs (167, 203). Similar to the
activating co-receptor CD28, PD-1 is acted upon by two
distinct ligands PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC,
CD273) (203). Whereas PD-L2 expression has hitherto been
observed only on professional APC (including B cells), PD-L1
is expressed on various tissue types such as epithelial tissue,
vascular endothelium, stromal cells as well as tumor cells and
virus-infected cells (167, 203). The induction of PD-L1 expres-
sion is generally in response to pro-inflammatory cytokines such
as interferons, TNF-a, and VEGF (167, 169). PD-1 does not,
as its name implies, directly induce cell death. The binding of
PD-1 to its ligands instead serves to attenuate T cell activation
by recruiting the tyrosine phosphatase SHP-2, which interferes
with signaling downstream of the TCR and leading to decreased
T cell growth and reduced cytokine production (203). However,
PD-1 signaling can also reduce the expression of antiapoptotic
genes while upregulating proapoptotic gene expression thus
impairing T cell survival (167).

PD-1-deficient mice do not display as severe a phenotype as
CTLA-47~ mice, developing glomerulonephritis and arthritis
in a C57BL/6 background and autoantibody induced dilated
cardiomyopathy in BALB/c mice as they age (204, 205). This
is arguably due to the more direct inhibitory and Treg-related
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functions of CTLA-4, whereas PD-1 serves to limit T cell
activation indirectly and prevent peripheral autoimmunity
(169). As noted previously, in certain conditions of persistent
antigen exposure such as in chronic viral infections or in cancer,
T cells are observed to develop a dysfunctional or “exhausted”
phenotype (72, 167). Such T cells are also marked by elevated
expression of PD-1 and other inhibitory receptors such as TIM-3
and LAG3 (72). Furthermore, PD-L1 and/or PD-L2 are both
observed to be expressed on a number of tumor-infiltrating APC
and tumor cells themselves, not only as a result of cytokines but
also due to alternative factors such as gain of chromosomes car-
rying PD-L1 and PD-L2 or the signaling of the epidermal growth
factor pathway (167). Recent studies have shown that APC and
tumor cells bearing PD-L1 play additive non-redundant roles in
the suppression of antitumor immunity (206). Thus, blockade of
the PD-1/PD-L1 axis remains a critical area of interest in tumor
immunotherapy with studies on its efficacy in nearly 20 types of
solid tumors and hematological cancers (169).

In the context of melanoma, nivolumab, and pembrolizumab,
both of which target PD-1 have been shown to have significant
clinical efficacies (160, 169, 195). In 2012, results from a phase I
study comparing various doses of nivolumab in NSCLC, pros-
tate cancer, CRC, renal cell carcinoma, and melanoma patients
were reported (188). The highest activity was demonstrated in
melanoma patients where the cumulative response rate (for all
doses) was 28% compared with 27% for renal carcinoma and 18%
for NSCLC (188). In the same year, an aPD-L1 antibody (BMS-
963559) was tested in advanced cancers ranging from melanoma
to RCC and was shown to have comparatively low response
rates (6-17%) (191). A number of recently concluded trials have
also demonstrated the potency of pembrolizumab. The large
multicenter phase II trial KEYNOTE-002 examined the efficacy
and safety of pembrolizumab in patients who had progressed on
ipilimumab therapy, and in patients with BRAF mutations, those
who had received either BRAF or MEK inhibitor treatment (207).
Patients received either two separate doses of pembrolizumab
(2 or 10 mg/kg) or chemotherapy of the investigators choice
(carboplatin, dacarbazine, paclitaxel, and temozolomide). The
results were highly encouraging as the 6-month PES was shown
to be 38% (10 mg/kg) and 34% (2 mg/kg) in the pembrolizumab
group compared with only 16% in the chemotherapy group (207).
Similar efficacy over investigator choice chemotherapy (32 versus
11%) has also been reported from an open-label phase III trial of
nivolumab in patients who had progressed on ipilimumab (195).
Furthermore, pembrolizumab was shown to have significantly
higher activity than ipilimumab in patients with advanced mela-
noma. Robert et al. compared two dosing schedules (every 2 or
3 weeks) of pembrolizumab to ipilimumab and reported 6-month
PES in the range of 46-47% (response rates of roughly 33%) for
the pembrolizumab group versus 26.5% (RR of 11.9%) for the
ipilimumab-treated patients (208). Finally, in a phase III trial of
nivolumab in previously untreated advanced melanoma patients
(without BRAF mutations), ICB therapy was demonstrated to
have significantly higher efficacy compared with dacarbazine
with a 1 year survival rate of 72.9% in the nivolumab treated
group versus 42% in the dacarbazine group (189). The suc-
cesses of aPD-1 in melanoma treatment have also been

observed (albeit at lower rates) in a range of other cancer types
(167, 169). Furthermore, the rate of grade 3 or 4 treatment related
adverse events is lower in patients receiving PD-1 blockade
therapy versus ipilimumab which is similar to the decreased
severity of autoimmune pathologies observed in PD-1 versus
CTLA-4 knockout mice (169, 193). In contrast to PD-1 blockade
antibodies, the aPD-L1 agent atezolizumab (MPDL3280A) has
thus far received FDA approval only for urothelial bladder cancer
and lung cancer (169, 209). Recently, studies have further compli-
cated the role of PD-L1 by demonstrating that it binds to CD80 on
T cells and provides another inhibitory signal (210). Thus, further
studies are warranted to determine the role of PD-L1 in T cell
inhibition in tumors and investigate which tumor types may
benefit most from PD-L1 versus PD-1 blockade. A large number
of clinical trials are currently underway targeting PD-1/PD-L1
as well as novel combination approaches (169). As previously
mentioned, further study will be required to determine biomark-
ers of response to ICB and further mechanistic knowledge will
be necessary to design effective combinatorial immunotherapies.
Four clinical biomarker profiles for ICB treatment have already
been proposed based on the presence of PD-L1 and TIL (211).
The tumor are characterized as type I (PD-L1*TIL*), type II
(PD-L1"TIL"), type III (PD-L1*TIL"), and type IV (PD-L1-TIL*)
(211).In melanoma, where the data are most complete, the major-
ity of patients are either type I (~38%) or type II (~41%). Type I
patients are deemed to be the best responders to PD-1 blockade
whereas type II tumors are estimated to have very poor prognosis
due to their lack of immune cell infiltrates (211). Currently, the
mechanisms that regulate the immune composition of a tumor
are not well understood and there is a significant interest in
treatments that can convert T cell non-inflamed (non-infiltrated)
tumors to T cell inflamed (infiltrated) tumors (212).

Combinatorial Checkpoint Blockade

Despite the tremendous successes of ICB, to date, only a sub-
set of patients achieve durable clinical responses (160, 167).
However, the potency of immune checkpoint therapies has
ushered in a new era of cancer treatment by offering the pos-
sibility of combining these drugs with conventional cancer treat-
ments such as radiation, chemotherapy, and targeted molecular
therapy (e.g., BRAF/MEK inhibitors). The prospects for such
combination treatments in melanoma and other cancer types,
as well as the clinical findings to date using such approaches
have been expertly reviewed this year (213-215). The primary
focus of this section will be to discuss the approaches involving
combination checkpoint blockade therapies for melanoma that
have demonstrated efficacy thus far. Nevertheless, it is pertinent
to note that currently there are no clinical data to distinguish
between ICB or BRAFi/MEKIi targeted therapy as first line
treatment for melanoma and a clinical trial (NCT02224781) is
being conducted to provide direct comparisons between clinical
outcomes in patients receiving checkpoint blockade drugs fol-
lowing targeted therapies and vice versa (215).

The success of combined ipilimumab and nivolumab has also
been recently reported in a number of clinical trials. In 2015,
Postow et al. reported the results of a study where previously
untreated patients with metastatic melanoma received either
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ipilimumab in combination with nivolumab or with placebo pre-
ceding a subsequent treatment with nivolumab or placebo (216).
The ORR was 61% in the combination treatment group versus
11% in the ipilimumab plus placebo group. Moreover, nearly
22% of patients treated with combination therapy achieved
CR compared with none of the patients given ipilimumab and
placebo (216). In the same year, results were published from a
phase III trial in 945 patients with unresectable stage III or IV
melanoma treated with nivolumab alone, nivolumab plus ipili-
mumab, or ipilimumab alone. The median PFS was 11.5 months
for the combination group, 6.9 months for the nivolumab group,
and 2.9 months for the ipilimumab group (217). However,
serious (grade 3 or 5) treatment related adverse events in the
combination treatment group were significantly higher reaching
55% compared with 27% for the ipilimumab group (217). These
studies also indicate the superiority of combinatorial checkpoint
blockade over monotherapy leading to the approval of ipilimumab
and nivolumab dual therapy for melanoma in the USA, while its
efficacy in other tumor types continues to be investigated (218).
The successful use of combined checkpoint blockade has also
sparked clinical interest in additional immune checkpoints some
of which are undergoing preclinical or clinical investigation (167,
169,218). A target of particular interest is the CD4 homolog lym-
phocyte activation gene-3 (LAG-3), which is expressed on Treg,
effector CD4* and CD8" T cells, NK cells, B cells, and pDC and
which also binds to MHC class II (167, 219). LAG-3 is an impor-
tant negative regulator of CD4* and CD8* T cells and is required
for Treg activity (219). The aLAG-3 antibody BMS986016 is
currently being examined in a clinical trial (NCT01968109) for
several advanced tumors both as a monotherapy and in combi-
nation with nivolumab (167). Another immune checkpoint that
has exciting potential for tumor immunotherapy is TIGIT (T cell
immunoreceptor with immunoglobulin and ITIM domain)
(167). TIGIT is expressed by activated T cells, NK cells and is
also expressed on highly functional subsets of Treg (219, 220).
TIGIT has two ligands, namely, CD155 (poliovirus receptor,
PVR) and CD112 (PVRL2) that are expressed on APC as well as
on tumor cells (167). Likewise, TIGIT is reportedly expressed on
TIL (219). The immunoregulatory functions of TIGIT are only
recently beginning to be described (221). TIGIT can bind to
CD155 on DC resulting in increased IL-10 and decreased IL-12
secretion (167). Ligation of TIGIT on Treg results in the expres-
sion of fibrinogen-like protein 2 (Fgl2), a Treg effector molecule
that has broad immunosuppressive effects such as mediating
Th1 and Th17 phenotype suppression in favor of Th2 (167, 222).
In human melanoma, tumor-specific CD8" T cells in peripheral
circulation and CD8* TIL were found to express both TIGIT and
PD-1 and furthermore, TIGIT was upregulated in response to
PD-1 blockade (223). Thus, the described functions of TIGIT
further complicate our understanding of the immune response
to aPD-1 treatment and provides further proof of the need
of combinatorial approaches to overcome current barriers
to ICB treatment. The positive results associated with ICB
treatment have also renewed interest in a parallel treatment
approach involving the development of agonistic antibodies for
T cell costimulatory molecules such as CD137 (4-1BB), GITR
(glucocorticoid-induced TNFR family related gene), and OX40

(CD134) many of which are currently undergoing clinical trials
in combination with nivolumab (167, 169, 218). In 2016, early
results were showcased for the antibody urelumab (¢CD137) in
combination with nivolumab (202). In melanoma, the ORR was
observed to be 50% in patients who had not previously received
checkpoint blockade therapy and was found to be independent
of tumor PD-LI status (202). Thus immune agonistic antibod-
ies have revealed a plethora of novel possibilities for cancer
treatment. Future studies will involve analyses of various com-
binations aimed at developing immunotherapies tailored to the
specific tumor immune microenvironment (224).

Adoptive Cell Therapy

Adoptive cell therapy involves the use of ex vivo manipulated
cells transferred directly to patients to mediate antitumor immu-
nity (50, 172). Thus far, the majority of clinical research in ACT
has been conducted using autologous tumor-specific T cells
(TIL) harvested and cultured from resected melanoma tissue
(161, 173). Other cell types such as NK cells have also been
investigated since the 1980s for their use in adoptive transfer
therapy but have yet to be as widely studied as T cells (156). Thus,
the primary focus of this section will be on studies with T cell
ACT. The benefits of this approach are that it allows for the ex
vivo expansion of tumor-specific cells that are not modulated by
the immunosuppressive TME and can be administered in suffi-
cient numbers to induce tumor regressions (50). As mentioned
previously, this field was pioneered by Rosenberg and colleagues
using autologous TIL from patients with metastatic melanoma
and resulted in durable antitumor responses (186). Since that
time, developments in molecular biology allowed for the eluci-
dation of various tumor antigens and the development of geneti-
cally engineered T cell products with tumor-specific TCR or
chimeric antigen receptors (CARs) (50, 225). To date, successful
ACT through TIL transfer has been largely limited to melanoma
although it is currently being studied in metastatic HPV-
associated cancer and has been demonstrated to induce potent
prophylactic clinical responses in HSCT recipients against
Epstein-Barr virus-associated lymphoproliferative disorders
(225). Lymphodepletion before TIL therapy has been shown to
significantly augment clinical response, and although its precise
mechanisms of action are not well understood, it is posited to
complement TIL transfer by eliminating suppressive Treg and
myeloid cells (50). In patients treated with autologous TIL
therapy post lymphodepletion, the group of Rosenberg and col-
leagues at the NCI (Bethesda, MD, USA) has reported OR rates
of 55% (226). These results are similar to those observed in
patients from other centers that perform ACT using TIL such as
MD Anderson (Houston, TX, USA) with an ORR of 48% in their
patient cohort and Ella Cancer Institute (Raman Gat, Israel) with
an ORR 0f 40% (50, 227). Overall, TIL therapy is not reported to
be associated with severe adverse events, and the major toxic side
effects are associated with the lymphoablative conditioning regi-
mens (226). The primary hematological pathologies observed
are anemia and thrombocytopenia necessitating transfusion in
these patients, while patients in cohorts that receive TIL and IL-2
may report to develop grade 3 and 4 non-hematological toxici-
ties (228). Currently, the predominant clinical form of ACT for
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melanoma is TIL therapy (50, 173). Nevertheless, there is also
significant clinical interest in the use of highly specific T cells
expressing TCRs specific to tumor antigens. These T cells can be
generated through in vitro selection and expansion of specific
antitumor clones (173). However, engineered T cells bearing
conventional antitumor alpha beta TCRs or CARs have gener-
ated significant interest in the field of adoptive cell therapies
(229). CARs are artificial receptors that were developed to cir-
cumvent the requirement of MHC-TCR interactions as many
tumor cells downregulate MHC expression to escape the immune
system (173). CARs consist of an extracellular ligand-binding
domain constructed with immunoglobulin heavy and light
chain variable regions fused through a transmembrane domain
to intracellular CD3 zeta signaling chains in addition to CD28 or
CD137 costimulatory domains for induction of complete T cell
activation (50, 229). Currently, CAR T cells have demonstrated
efficacy only in B cell malignancies using anti-CD19 CARs, to
achieve response rates of up to 90% (173). However, a number of
studies are currently underway investigating the use of CAR
T cells in solid tumors (173). On the other hand, studies using
transgenic tumor-specific TCRs have been tested in melanoma
with the first proof-of-concept study being performed in 2006
using T cells transduced with a TCR against the melanoma dif-
ferentiation antigen MART-1 (230). This early study showed
evidence of clinical activity in only 2 out of 17 patients but a
more recent report by Chodon et al. (231) demonstrated that
MART-1 specific T cells in combination with MART-1 pulsed
DC vaccine were able to induce tumor regression in 9 out of 13
studied patients (231). Thus, combining ACT with other immu-
notherapies may unveil potentially novel synergistic treatments
that can overcome the current barriers to ACT. A number of
clinical trials using ACT in conjunction with checkpoint block-
ade agents (nivolumab-NCT02652455) or targeted therapy
(vemurafenib-NCT01659151) are being tested in patients with
melanoma (173). A number of salient factors warrant considera-
tion when discussing the merits of ACT immunotherapies for
cancer. First, it is pertinent to mention that ACT requires ex vivo
manipulation of cells, which is both expensive and labor inten-
sive (173). Therefore ACT currently remains limited to a few
specialized centers around the world (50). Furthermore, engi-
neered T cells have the potential to induce stronger toxicities
versus conventional TIL due to their clonal specificity toward a
single antigen. This is a particular concern with TCRs targeted
to antigens that are shared by tumor and normal tissue resulting
in an immune activation versus the target but not necessarily
against the tumor (on-target, off-tumor toxicity) (173). This
effect has been observed in a number of trials. In a study treating
patients with T cells bearing transgenic TCRs specific to MART-1
and gp100, several patients developed toxicities in the skin, ears,
and eyes due to the presence of melanocytes in these organs
(232). This effect has also been seen in other tumor types such as
metastatic renal cancer where in a recent report, 4 out of 12
patients treated with CAR T cells specific to carbonic anhydrase
IX (CAIX), developed liver toxicity due to the presence of this
antigen in the bile duct (233). Thus, strategies will need to be
developed to overcome such off-target effects of engineered
lymphocytes and in the case of the aforementioned CAIX trial,

hepatic T cell mediated toxicity was significantly lowered by
treatment with blocking anti-CAIX antibodies (233). Although
early studies showed that MART-1 and gp100 are among the
major tumor antigens recognized by anti-melanoma TIL, recent
advances in whole-exome sequencing offer the potential to
reveal novel antigens (i.e. neoantigens) resulting from mutations
that may be highly immunogenic but also safe due to their
absence from the rest of the body (50). Another concerning
immune-related toxicity observed in CAR and conventional
T cell therapy is cytokine release syndrome, which presents as a
systemic multisymptomatic inflammation causing fever, hypo-
tension, and tachycardia (173). In terms of efficacy, a key concern
using CAR T cells is that while they have shown remarkable
results for hematological cancers, solid tumors are more difficult
to treat and have a highly suppressive TME (173, 229).
Nevertheless, advances in lymphocyte engineering have allowed
for the conceptualization of a number of novel types of CAR
T cells which can be switched on conditionally, or lack check-
point molecules to prevent suppression. These novel CARs may
have high utility for solid cancers and have been reviewed
expertly elsewhere (229). Similarly, a novel type of molecule that
has recently gained attention is a bispecific antibody construct
that can bind to CD3 thus activating T cells as well as, a tumor
antigen and is termed a bispecific T cell engager (BiTE®) (234).
The anti-CD19 BiTE® blinatumomab was approved by the FDA
after showing activity in acute lymphoblastic leukemia but to
date, none of the tested BiTE® constructs tested in solid tumors
have exhibited noteworthy antitumor responses (234). Novel
developments in the field of genomic sequencing as well as T cell
engineering have allowed for the conceptualization of highly
personalized ACT treatment for cancer. Nevertheless, as dis-
cussed previously, without breakthroughs in ex vivo cell handling
and automation, this therapy will remain highly costly and be
limited to a few centers of excellence around the world.

Cancer Vaccines

Vaccination for infectious disease represents a landmark of
human medical achievement. Cancer vaccines seek to activate
the immune system, in particular the T cells, to attack the tumor
with the presentation of the tumor antigen in combination with
an adjuvant (176). The vaccines may be univalent incorporating
a single target antigen or polyvalent, consisting of allogeneic
whole cells, or autologous tumor lysates (48). To date, none of the
vaccine combinations tested in established tumors have shown
the same efficacy as checkpoint blockade or ACT (165, 176).
A number of studies have shown modest increases in clinical
activity such as the study by Schwartzentruber et al. in 2011
that showed that patients with advanced melanoma treated
with IL-2 and a gp100 peptide vaccine fared better than patients
treated with IL-2 alone (median OS 18 versus 11 months,
respectively) (48, 235). Nevertheless, cancer vaccination for
solid tumors becomes particularly challenging due to the
immunosuppressive TME and a constantly evolving tumor
geared toward immune escape (165). In the past 30 years, as
research unveiled the crucial role of DC in antigen processing
and T cell activation, DC-targeted vaccines also became a major
focus of cancer vaccination research (161). DC are considered
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to be ideal tools for inducing effective anticancer immunity due
to their central role in antigen presentation and their ability to
produce crucial effector cytokines (174, 236). The use of DC as
anticancer vaccines has been comprehensively reviewed else-
where (133, 145, 174, 237). Generally, this approach involves
the generation of DC from isolated patient PBMC, which
are then loaded with antigen and reinfused into the patient
(161). Clinically a widely accepted DC maturation protocol
involves the use of a cocktail containing TNFa, IL-1f, IL-6, and
PGE2, resulting in the upregulation of MHC class I and II and
costimulatory molecules (133). Other approaches in the clinic
have used mixtures of prophylactic vaccines (which contain
TLR agonists) containing Bacillus Calmette-Guerin (BCG)-
SSI, Influvac, and Typhim (133, 238). DC maturation can also
be induced by targeting the costimulatory receptor CD40 with
CD40L (which is expressed by a range of immune cells but its
most functionally important expression is on activated T cells
in vivo) or anti-CD40 mAbs, resulting in the upregulation of
costimulatory molecules and production of IL-12 (133, 237,
239). Currently, there is no gold standard in terms of maturation
cocktails for DC and novel combinations continue to be tested
both preclinically and in clinical trials (174). GVAX® (Cell
Genesys, San Francisco, CA, USA) are a cell product composed
of irradiated autologous or allogeneic, tumor cells engineered to
produce GM-CSF (240). GVAX® vaccines were shown to elicit
antitumor immune responses in a number of early clinical stud-
ies (241). However, a phase III trial using allogeneic GVAX® in
prostate cancer observed that this approach was not superior to
current treatments (241). In melanoma, the GVAX® approach
has not shown significant clinical activity including a recent
study by Lipson et al. that demonstrated that although mela-
noma GVAX® was safely tolerated, it did not result in mark-
edly increased anti-melanoma responses in peripheral blood
T cells (175, 241). These early and currently ongoing studies
demonstrate the difficulty of using cell-based approaches for
cancer vaccination. Currently, Sipuleucel-T (Provenge®) is
the only cell-based vaccine to be approved by the FDA for its
observed clinically significant but modest increases in the OS
of patients with prostate cancer (174). No such vaccine has yet
received FDA approval for melanoma (161). In 2013, Carreno
et al. reported the use of an autologous CD40L/IFNy-matured
DC vaccine pulsed with gp100-derived peptides and capable of
producing IL-12 (242). In six out seven patients, this treatment
successfully induced immune responses with three out of the six
responding patients exhibiting tumor remissions (242). Despite
these encouraging results, a number of concerns with cancer
vaccination still exist, in particular with the choice of target
antigen as tumors continue to continuously evade the immune
response while novel mutated epitopes may not be sufficient for
inducing potent antitumor T cell responses (161). Thus, there
has been a significant clinical interest in the use of oncolytic
viral vaccines for directly inducing cell death in tumors (48,
161). This approach attempts to harness the specificity of some
oncolytic viruses for tumor cells as well as the induction of
tumor cytolysis as an immune activating stimulus against non-
infected tumor cells (177, 161). The first viral product to receive
FDA approval is talimogene laherparepvec (T-VEC) which is

a construct derived from herpes simplex virus 1 with deleted
ICP34.5 and ICP47 genes and coding for human GM-CSF
(177). In 2015, T-VEC was the first virotherapy that showed
durable antitumor responses in patients with melanoma (178).
Over 400 patients were treated with intralesional T-VEC or
subcutaneous GM-CSEF, and median OS was demonstrably
higher in the T-VEC group versus the GM-CSF group (23
versus 19 months, respectively) (178). Moreover, the durable
response rates and overall response rates were also higher in
the T-VEC group than in the GM-CSF group with very limited
toxicities associated with T-VEC treatment (178). As a result
of these findings, the field of cancer vaccine research has been
energized, and currently trials are underway to examine poten-
tial combination approaches using ICB in combination with
oncolytic vaccine regimens to induce a long-lasting antitumor
immune response (39, 161). The major limitation of the T-VEC
approach is that it was found to be more effective in patients
with less advanced (stage III and locally metastatic) melanoma
than in patients with visceral metastatic disease (178, 161).
Thus, in patients with established and advanced tumors, cancer
vaccination approaches at best provide part of the solution for
complete cure. With the complex immunoregulatory pathways
that are established in advanced tumors, it may be difficult
to achieve continued DC stimulation and activation through
vaccines. Thus, a number of studies have begun to investigate
the targeting of DC in vivo as crucial for the success for future
immunotherapies (133). The success of T cell checkpoint
therapy has already demonstrated the utility of treatments that
mediate in vivo activation of antitumor immunity. Although a
number of other cell types such as NK cells and MDSC have
recently gained interest as targetable populations, DC remain
a primary cell of interest for in vivo targeted immunotherapy
due to their crucial roles as APC and in cytokine production
(237, 243, 244).

Nanoparticles as Multifunctional

Immunotherapeutics

The past two decades have witnessed significant advances in
our understanding of tumor immunology and the development
of immunotherapeutic drugs (56, 163). In parallel, improve-
ments in the field of nanomedicine provides us with a number
of opportunities that can be used in combination with modern
immunotherapies to enhance their antitumor efficacy (245-248).
The primary advantage to NP is the supreme versatility in
their design as their size, shape, constituent biomaterials, and
surface modifications can be tailored for specific uses in tumor
immunotherapy (Figure 3) (245, 247). Liposomes are self-
assembling nanosized vesicles comprised of phospholipids and
cholesterol arranged in one or more lipid bilayers enclosing an
aqueous core (246, 249). Liposome-encapsulated drugs have been
demonstrated to have reduced systemic toxicity profiles owing
to improved pharmacokinetics and biodistribution (247, 249).
Liposomal doxorubicin (Doxil) first received FDA approval in
1995, and even though it did not enhance OS, it is associated
with improved toxicity profiles (247). This is of particular use for
immunotherapy as many powerful adjuvants such as IL-2 and
IFN-a have serious toxic side effects (161). In 2012, Park et al.
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instance, using thermosensitive NP, to promote cancer cell death.

bilayers enclosing an aqueous core. NP such as liposomes can be used as platforms for the simultaneous delivery of multiple agents, such as (A)
immunotherapeutics, e.g., anti-PD-L1 and anti-cytotoxic T lymphocyte antigen-4 (CTLA-4), to enhance the function of tumor-specific effector T cells; (B)
tumor-associated antigens (TAA) and adjuvant targeted to dendritic cells (DC) to promote their function; (C) chemotherapeutics and targeted release thereof, for

demonstrated the utility of a biodegradable liposome and solid
polymer hybrid gel as a dual delivery platform for IL-2 as well
as an inhibitor of the immunoregulatory cytokine TGEF- (250).
Treatment with this platform showed no significant toxicity in
treated animals and more importantly delayed tumor growth
was mediated via increased intratumoral NK and CD8* T cell
infiltration (250). Thus, NP can not only deliver drugs but also
serve as platforms for simultaneous delivery of multiple agents.
In the context of immunotherapy, NP can deliver tumor antigens,
nucleic acids, and adjuvants (246, 248). There has also been
research in the field of artificial APC NP platforms that present
antigen loaded MHC I in combination with antibodies to the
T cell costimulatory molecule CD28 (246). Finally, the surfaces of
NP can be functionalized with specific polymers and antibodies
to increase their targeting to certain types of cells (245). Even
without direct targeting, systemically treated NP can accumulate
at tumor sites due to “leaky” tumor vasculature (247). Earlier this
year, Koshy et al. reported the antitumor potency of liposome-
encapsulated cGAMP (251). The authors showed that cationic
liposome loaded with cGAMP resulted in passive lung-specific
delivery in metastatic BI6F10 melanoma lung tumors leading
to pronounced antitumor activity and the formation of immune
memory (251). Currently, a number of unique immunotherapeu-
tic NP are being investigated in Phase I-III clinical trials (247).
However, to date no directly DC-targeted NP formulation has

reached clinical trials. As DC play central roles in priming
antitumor immunity as well as directly influencing the immune
infiltration of T cells into cancer (212), NP targeted to DC war-
rant inclusion in future combinatorial immunotherapies (252).
In 2016, Kranz et al. developed a strategy to deliver RNA-NP
to DC in a pilot study with three melanoma patients (105).
The RNA encoded for the melanoma antigens NY-ESO-1,
MAGE-A3, tyrosinase, and TPTE (transmembrane phosphatase
with tensin homology) and resulted in IFNa and antigen-specific
T cell responses in all three patients (105). This approach was
administered systemically and was not found to be associated
with any adverse effects. This study thus opens a new field of
DC-targeted, highly potent immunotherapies for cancer. NP are
biodegradable, relatively cost-effective (compared with ex vivo
manipulated cells) (133) and highly multifunctional platforms for
enhancing modern immunotherapies or developing independent
DC-targeted treatments (247).

SUMMARY

Currently, the field of immunotherapy is one of the most promis-
ing avenues of research in the quest to develop long-term broadly
acting treatments for cancer (55, 161, 253). The possibilities for
synergistic combinations with radiation, chemotherapy, and
small molecule targeted treatments have also unveiled countless
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possibilities for tailoring individualized therapies in the drive
towards “precision medicine” (213, 214, 254). However, evo-
lutionary checkpoints against autoimmunity and the fact that
cancer arises from self-tissue presents a particularly challenging
landscape for developing multitargeted immunotherapies that
are cost-effective, safe, and efficacious. Conceptually, there are
four general facets of tumor immunity that must be achieved for
successful immunotherapy (253). These are the removal of immu-
nosuppressive cues, the induction of immunogenic cell death in
tumors, improved activity of APC and increased T cell effector
functions (253). In addition to a comprehensive overview of the
immune contexture of a tumor, other host specific factors such as
genetics and individual microbiota must be further dissected to
determine their interplay with immunotherapeutic agents (255).
In recent years, advances in high-throughput techniques such
as next-generation sequencing and mass cytometry (CyTOF)
have enabled highly detailed phenotyping of cancer (256, 257).
However, there is still an unmet need for bioinformatics plat-
forms and deep-learning algorithms that can assist biologists with
mining and analyzing such massive datasets (258). Finally, due
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Strategies to Improve the Efficacy
of Dendritic Cell-Based
Immunotherapy for Melanoma

Kristian M. Hargadon*

Hargadon Laboratory, Department of Biology, Hampden-Sydney College, Hampden-Sydney, VA, United States

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/IV 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.

DAMPs Released During ICD

© Proinflammatory Cytokines/Chemokines

¢ TypelInterferons

D ATP

§ HMGB1
O Heat Shock Proteins

@ caireticulin

Dying Tumor Cell (ICD)

IFNa/B  Purinergic
Receptor  Receptor poGg TLR2/4

Cytokine CD91 (LRP1)

Receptor

DC

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 HMGB1, 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'°v, IL-10"e"
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
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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 MSRI, 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 TGFg, 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,
metabolites, intermediates, and processes that are elevated in melanoma cells and tumor-altered DC. Arrows and type not in bold represent those that are
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
Asg 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 y8T 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
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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

Frontiers in Immunology | www.frontiersin.org

128

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

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
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seen in recent years, there is great optimism within the field that
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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 F.
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/NEJMoal203421

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. doi: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-J, 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.  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, L6opez-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 ], 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. doi: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

Mikyskova R, §tépének 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 1, 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 E, 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:€968434. 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. d0i: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 J 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, Béttcher 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 J, 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"¢"
Ia"" 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. d0i: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 CD8w(+) 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 R], 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. d0i: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 ], 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. do0i: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 SJ, 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. d0i: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

135

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/

Advantages
of publishing
In Frontiers

o

OPEN ACCESS

Articles are free to read
for greatest visibility
and readership

90

FAST PUBLICATION

Around 90 days
from submission
to decision

L

HIGH QUALITY PEER-REVIEW
Rigorous, collaborative,
and constructive
peer-review

TRANSPARENT PEER-REVIEW
Editors and reviewers
acknowledged by name
on published articles

Frontiers
Avenue du Tribunal-Fédéral 34
1005 Lausanne | Switzerland

Visit us: www.frontiersin.org

Contact us: info@frontiersin.org | +41 21510 17 00

OO

REPRODUCIBILITY OF
RESEARCH

Support open data
and methods to enhance
research reproducibility

=

DIGITAL PUBLISHING
Articles designed
for optimal readership
across devices

FOLLOW US
@frontiersin

uil

IMPACT METRICS
Advanced article metrics
track visibility across
digital media

EXTENSIVE PROMOTION
Marketing
and promotion
of impactful research

©

LOOP RESEARCH NETWORK
Our network
increases your
article’s readership



http://www.frontiersin.org/

	Cover

	Frontiers Copyright Statement
	New Therapies and Immunological Findings in Melanoma and Other Skin Cancers

	Table of Contents
	Biomarkers for Immune Checkpoint Inhibitors in Melanoma
	Introduction
	Biomarkers in Tumor Tissue
	PD-L1 Expression on Tumor Cells
	Genes: Mutation-Burden and Gene-Expression
	Tumor Infiltrating Lymphocytes (TILs)

	Biomarkers in Periferal Blood
	Peripheral Blood Mononuclear Cells (PBMCs)

	Others
	Soluble Factors (Serum/Circulating Factors)
	Soluble PD-L1 (sPD-L1)
	Microbiome
	Fatty Acids
	Vitiligo and Rash

	Conclusion
	Author Contributions
	References

	New Therapies and Immunological Findings in Cutaneous T-Cell Lymphoma
	Overview of Cutaneous T-Cell Lymphomas (CTCLs)
	MF/Sézary Syndrome (SS)
	Roles of Chemokines in Development of Skin Pathology
	Th2-Dominant Microenvironment
	Cancer-Associated Fibroblasts
	Tumor-Associated Macrophages (TAMs)
	Dendritic Cells
	Other Key Players
	Treatment
	Primary Cutaneous CD30+ T-Cell Lymphoproliferative Disorders
	Adult T-Cell Leukemia/Lymphoma
	Panniculitis-Like T-Cell Lymphoma
	Subcutaneous Panniculitis-Like T-Cell Lymphoma
	Primary Cutaneous Gamma/Delta T-Cell Lymphoma
	Primary Cutaneous CD4+ Small/Medium T-Cell Lymphoproliferative Disorder
	Hydroa Vacciniforme-Like Lymphoproliferative Disorder (HVLL)
	Severe Mosquito Bite Allergy
	Primary Cutaneous Acral CD8+ T-Cell Lymphoma
	Primary Cutaneous CD8+ Aggressive Epidermotropic Cytotoxic T-Cell Lymphoma
	Author Contributions
	References

	Melanoma Immunotherapy: 
Next-Generation Biomarkers
	Immune Checkpoints
	Clinical Biomarkers
	Biomarkers from Next-Generation Sequencing
	Biomarkers from T-Cell Receptor (TCR) Profiling
	Mass Cytometry (CyTOF)
	Outlook
	Author Contributions
	Funding
	References

	Anti-PD-1 and Anti-CTLA-4 Therapies in Cancer: Mechanisms of Action, Efficacy, and Limitations
	Introduction
	Cancers Evade and Inhibit Immune Responses
	Immune Exhaustion Contributes to Immune Dysfunction in Cancer
	The Immune Checkpoint Receptor CTLA-4
	The Immune Checkpoint Receptor PD-1
	CTLA-4, PD-1, and Their Ligands in Cancer
	Efficacy and Mode of Action of Checkpoint Inhibitors
	Treatment-Related Adverse Events and Their Management
	Biomarkers of ANTI-PD-1/CTLA-4 Treatment Efficacy
	Limitations of Immune Checkpoint Inhibitors
	Future Avenues: Expanding the Immune Checkpoint Inhibitor Treatment Repertoire
	Concluding Remarks
	Author Contributions
	Funding
	References

	Novel Therapeutic Targets in Cutaneous Squamous Cell Carcinoma
	Introduction
	Recent Progress in Cutaneous SCC Therapeutics
	Novel Targeted Therapies
	Biological Modifiers
	Cytotoxic Chemotherapy
	Immune Checkpoint Inhibitors
	Radiation With Chemotherapies or Immunotherapies
	Other Candidates
	Human Papilloma Virus (HPV) in Cancer Cells
	MicroRNAs (miRs) in Cancer Cells
	Cyclin-Dependent Kinase (Cdk) 16 in Cancer Cells
	Dynamin-Related Protein 1 (Drp1) in Cancer Cells


	Concluding Remarks
	Author Contributions
	Funding
	References

	Merkel Cell Carcinoma: An Update and Immunotherapy
	Background
	Clinical and Histological Features
	Etiology
	Treatment
	Conclusion
	Author Contributions
	References

	Cutaneous Angiosarcoma: The Possibility of New Treatment Options Especially for Patients with Large Primary Tumor
	Background
	Clinical Presentation
	Diagnosis and Staging
	Prognosis and Factors Associated with Survival
	Treatment
	Current Treatment Options
	Surgery
	Chemotherapy
	Radiation

	New Treatment Options
	Chemoradiotherapy (CRT)
	Maintenance Chemotherapy
	Adjuvant/Neoadjuvant Chemotherapy

	New Drugs
	Anti-VEGF Drugs
	Eribulin Mesylate
	Checkpoint Inhibitors


	Current Recommendation and Future Perspective
	Author Contributions
	Acknowledgments
	References

	Metastatic Extramammary Paget’s Disease: Pathogenesis and Novel Therapeutic Approach
	Invasive Extramammary Paget’s Disease (EMPD) Therapeutic Challenge: Preventing and Treating Tumor Metastasis
	Hormone Receptors Signaling in EMPD
	Lymphangiogenesis and Epithelial–Mesenchymal Transition (EMT) of Paget Cells in EMPD
	The Role of Receptor Activator of Nuclear Factor Kappa-B Ligand (RANKL)–Rank Interaction in the Tumor Microenvironment of EMPD
	Immunotherapy for Metastatic EMPD
	Immunotherapy for Metastatic EMPD
	Conclusion
	Author Contributions
	References

	Tumor-Associated Macrophages: Therapeutic Targets for Skin Cancer
	Introduction
	Differentiation and Activation of TAMs in Tumors
	Roles of TAMs in Maintaining the Immunosuppressive Microenvironment
	Chemokines from TAMs Determine the Immunological Microenvironment in Tumors
	Direct Suppressive Function of TAMs
	Angiogenetic Factors from TAMs

	Clinical Benefits of TAMs
	The Effects of Anticancer Drug for TAMs
	TAMs as a Biomarker for Disease Activity and Adverse Events

	Concluding Remarks
	Author Contributions
	Funding
	References

	Recent Successes and Future Directions in Immunotherapy 
of Cutaneous Melanoma
	Metastatic Melanoma
	Epidemiology
	Pathophysiology and Clinical Subtypes
	Superficial Spreading Melanoma
	Nodular Melanoma
	Lentigo Maligna Melanoma
	Acral Lentiginous Melanoma
	Desmoplastic Melanoma

	Risk Factors and Driver Mutations
	BRAF
	NRAS
	Neurofibromin 1
	Microphthalmia-Associated Transcription Factor
	PTEN

	Current Treatments for Malignant Melanoma

	Immunobiology of Melanoma
	Cancer Immunoediting
	Immune Response to Melanoma
	Tumor Antigens
	MAGE Family
	NY-ESO-1
	Melanoma Differentiation Antigens

	Tumor-Infiltrating Lymphocytes
	Tumor-Infiltrating Dendritic Cells
	NK Cells


	Melanoma Immunotherapy
	Early Advances in Melanoma Immunotherapy
	Immune Checkpoint Blockade
	CTLA-4
	PD-1/PD-1 Ligand (PD-L1)
	Combinatorial Checkpoint Blockade

	Adoptive Cell Therapy
	Cancer Vaccines
	Nanoparticles as Multifunctional Immunotherapeutics

	Summary
	Author Contributions
	Funding
	References

	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

	Back Cover




